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To understand the implications of land-cover change on carbon sequestration I 
performed a comprehensive assessment of 448 studies on above and below-ground 
carbon for the major vegetation types associated with on-going land use transitions in 
Southeast Asia.  In addition, I evaluated the allometric biomass equations used to 
calculate above and below-ground biomass in 132 land-cover assessments of forest 
inventories.  The assessment includes plausible ranges of above-ground carbon biomass 
(AGC) and below-ground carbon biomass (BGC) for the following 14 land-covers: (1) 
mangrove, (2) forest, (3) peat swamp forest, (4) orchard and tree plantation, (5) logged 
over forest, (6) rubber plantation, (7) oil palm plantation, (8) bamboo, (9) long-fallow 
swidden, (10) intermediate-fallow swidden, (11) short-fallow swidden, (12) non-swidden 
agroforest, (13) grassland, pasture and shrub land, and (14) permanent cropland.  In 
addition, I provide estimates for total ecosystem carbon stocks, which is the 
amalgamation of AGC, BGC and soil organic carbon, for each land-cover.  
 
The key finding is that carbon outcomes of transitions between many land-covers are 
highly variable and uncertain due to a strong reliance on published allometric equations, 
including root:shoot ratios, which may be either (a) not representative of age, seasonal 
or site conditions, when the equation is a species-specific equation; or (b) not 
representative of vegetation growing in a specific geographical location, when the 
equation was determined elsewhere.  Insufficient prior research in the tropics of SE Asia 
on root biomass also precludes accurate quantification of total ecosystem carbon 
stocks.  Additionally, a lack of methodological standardization creates additional 
viii 
 
uncertainty that prevents accurate assessment of carbon changes following land-cover 
conversions. New field investigations following accepted protocols are needed to 
improve carbon biomass estimates. Re-evaluating and standardizing current field 
methods should be at the heart of current REDD+ debates before remote sensing 
methods are applied to extrapolate carbon stocks over a larger area.  
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Chapter 1. Introduction 
1.1. Importance of issue 
Carbon, notably in the form of carbon dioxide (CO₂), is cycled between the three major 
carbon pools - the atmosphere, ocean and the soils and vegetation of the terrestrial 
biosphere (Ciais et al., 2000). While the uptake of carbon by the ocean is limited by the 
solubility of CO₂ in seawater and the rate of mixing between surface and deep ocean 
water, the exchange of carbon between the atmosphere and terrestrial sinks is 
controlled by photosynthesis and respiration. The ocean contains 50 fold more carbon 
than the atmosphere while terrestrial vegetation and soils store three fold more carbon 
than the atmosphere (Figure 1.1; Ciais et al., 2000). Carbon in terrestrial vegetated land-
covers is stored as either (1) above-ground biomass, (2) below-ground biomass, (3) 
litter, (4) deadwood or (5) soil organic carbon (Ciais et al., 2000; Miyakuni et al., 2004). 
Above-ground biomass refers to live woody stems, branches and leaves of living trees, 
lianas, seedlings, saplings and other understory and herbaceous plants above the soil 
surface. Below-ground biomass includes the (live) root crown, coarse roots and fine 
roots. Litter refers to live and dead debris on the ground surface, including fallen leaves 
and branches, while deadwood includes dead trees, stumps, and large fallen limbs 
(Vadeboncoeur et al., 2007; Murdiyarso et al., 2009; Zani and Suratman, 2011). Lastly, 
soil organic carbon (SOC) is the carbon stored in soils; and of the five components, SOC 
is the largest, making up an average of 60-80% of the terrestrial carbon stock (Guo and 
Gifford, 2002; Don et al., 2011).  
More than 405 Gt of carbon dioxide has been emitted into the atmosphere 
since 1850 and the concentration of atmospheric carbon dioxide at 397 parts per million 
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(ppm) in November 2014 is just over 40% higher than the pre-industrial value of 280 
ppm (Ciais et al., 2000; ESRL/NOAA, 2014). About 80% of anthropogenic CO₂ emissions 
are from fossil fuel consumption and cement production, while emissions related to 
land-cover conversion account for the remainder (Brown et al., 1989; Saatchi et al., 
2011; Goetz et al., 2014). To ameliorate the adverse effects of climate change that are 
caused by the increase in CO₂ concentrations, current CO₂ emissions must be reduced 
by 85% (IPCC, 2007). In addition to reducing fossil fuel consumption, increasing the 
sequestration of carbon in terrestrial ecosystems is cited as a possible solution (Stern, 
2007).  
The United Nations Framework Convention on Climate Change (UNFCCC) 
Program for Reducing Emissions from Deforestation and forest Degradation (REDD+) 
was introduced to preserve/increase the storage of terrestrial carbon, meanwhile 
fostering beneficial ecosystem services and promoting human livelihoods. Under REDD+, 
developing countries would receive money from industrialized nations for achieving 
long-term reductions in deforestation and/or replacing some land-use activities with 
others that sequester more carbon (UNFCCC, 2010; 2011). In most REDD+ initiatives, 
countries must monitor carbon biomass stock in land-covers accurately over time to 
qualify for payments (Hein and van der Meer, 2012; Murdiyarso et al., 2012). In 
addition, quantifying carbon sequestration in vegetation and soils is also useful and 
necessary for understanding the impacts of land-cover changes on carbon fluxes 






Figure 1.1. Global carbon cycle, showing carbon stocks in the three major carbon 
stores—atmosphere,  ocean and terrestrial biosphere (vegetation and soils)—and the 
associated carbon flows related to photosynthesis, respiration and various human 
activities. Carbon stock and flow values are annual averages for 1989-1998. Figure 
redrawn from Ciais et al. (2000). 
 
In conjunction with REDD+, policy makers propose that REDD+ carbon finance 
be used to provide economic incentives for rural communities to transition away from 
swidden agriculture to other land-uses, anticipating the changes will increase carbon 
sequestration by reducing forest degradation and deforestation (Indonesia UKP-PPP, 
2010; UNREDD, 2010; FCPF, 2011).  This view is predicated on the assumption that 
swiddening is destructive and inefficient agriculture practice that ultimately leads to 
deforested and degraded landscapes (Fox et al., 2009; Ziegler et al., 2011). A typical 
swidden cycle involves the following simplified phases: (a) woody vegetation is first 
cleared with the aid of fire before cultivating the land for a few years (< 3-10 years); and 
(b) the land is then allowed to recover, often to secondary forest, during a fallow period 
of 5-20 years (FAO, 1974; Mertz et al., 2009; Fox et al., 2012). Even though many 
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farmers in SE Asia have practiced swidden agriculture for many centuries, this 
traditional land-use system has been criminalized and blamed for deforestation and 
forest degradation (Fox et al., 2009; Ziegler et al., 2011).  However, others recognize 
that swiddening may in some locations and situations still be viable and relevant forms 
of livelihood and food production (Padoch and Pinedo-Vasquez, 2010; Ziegler et al., 
2011). In places where swiddening is still practiced, cultivation periods have typically 
increased, and fallow periods decreased, in attempts to increase (or maintain) 
production as land availability has reduced (Fox et al., 2013). Increasingly, swidden lands 
are being converted into lucrative plantation and permanent cultivated crops (Padoch et 
al., 2007; Ziegler et al., 2009a).   
Some authors argue that the extent of environmental impacts associated with 
these conversions do not outweigh those associated with swiddening (Ziegler et al., 
2009b; Bruun et al., 2009; Rerkesem et al., 2009).  Bruun et al (2009) for example, 
concluded the following: (a) time-averaged above-ground carbon stocks decline by 
about 90% if long fallow periods are reduced to 4 years; (b) time-averaged above-
ground carbon stocks decline about 60% if swidden cultivation is converted to oil palm 
plantations; (c) stocks of soil organic carbon in tree plantations are 0–40% lower than 
those in swidden cultivation systems; (d) large losses of SOC occur in mechanically 
established oil palm plantations; and (e) conversion of swiddening to permanent 
cultivation systems reduces both time-averaged above-ground carbon stocks and SOC, 
leading to a decline in soil fertility.  
As demonstrated by Bruun et al (2009), information on the differences in carbon 
cycling and accumulation between various types of swidden and replacement 
agricultural systems is limited. Thus, conclusions on which land-use transitions will result 
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in long term gains in sequestered carbon is not readily available (Phelps et al., 2010a; 
ASB, 2011). This thesis seeks to address this void of knowledge by analyzing available 
estimates of above- and below-ground carbon for swidden and other land-covers in SE 
Asia. To understand the accuracy of the estimates, I also evaluate the biomass carbon 
determination methods that are used by the authors in determining the biomass 
estimates.  Again, accurate reporting of biomass changes over time is at the heart of 
successful implementation of REDD+ programs, as well as understanding the true 
impact of swidden agriculture on biomass carbon stocks. 
 
1.2. Aims and objectives 
The specific objectives of this thesis are the following: 
(1) Compile a list of above-ground and below-ground (root) carbon values for  major 
land-covers related to important land-cover and land-use transitions that are taking 
place in insular and peninsular SE Asia, including Papua New Guinea and Xishangbanna 
and Hainan Island in Southern China. 
(2) Determine a range of plausible above- and below-ground carbon values for each 
land-cover to determine trends in carbon accumulations related to the major 
transitions. 
(3) Explore the quality of the published above- and below-ground biomass estimates for 




1.3. Layout of the thesis 
This thesis is composed of three journal articles that address the research objectives, 
bookended by introduction (Chapter 1), methods (Chapter 2), and conclusion chapters 
(Chapter 6). The first paper, presented in Chapter 3, reviews above-ground carbon 
stocks and the implications of land-cover transitions on REDD+. In addition, the 
erroneous assumption that swidden agriculture is a leading agent of forest degradation, 
deforestation and carbon emissions is addressed. The paper is published in Global 
Change Biology (Ziegler et al., 2012) as “Carbon outcomes of major land-cover 
transitions in SE Asia: great uncertainties and REDD+ policy implications.” My 
contribution was performing all the carbon stock calculations and writing the data 
analysis section. The second paper, which forms Chapter 4, analyzes below-ground root 
carbon and carbon. The paper was published in 2013 as “Uncertainty in below-ground 
carbon biomass for major land-covers in Southeast Asia” in Forest Ecology and 
Management (vol 310: 915–926) with me as lead author.  Finally Chapter 5 is formed by 
the paper entitled “Review of allometric equations for major land-covers in SE Asia: 
uncertainty and implications for above- and below-ground biomass carbon estimates”, 
which is being prepared by me as lead author for submission to an academic journal.  In 
Chapter 6, I update information presented in Chapters 3 and 4, which are already 
published.  The new information was uncovered during the formulation of subsequent 
chapters.  For example, the ranges of plausible biomass values for several land-covers 
change as new studies were published over the course of the last three years.  I also 
summarize the key findings of the collective work in this concluding chapter. Finally, all 
data are presented in a supplement section at the end. 
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Chapter 2. Methods 
 
2.1. Land-covers considered 
This thesis focuses on 14 major land-covers related to important land-cover and land-
use transitions now taking place in Southeast Asia, including Papua New Guinea and 
Xishuangbanna and Hainan Island in Southern China. The land-covers include: (1) 
mangrove, (2) forest, (3) peat swamp forest, (4) orchard and tree plantation, (5) logged 
over forest, (6) rubber plantation, (7) oil palm plantation, (8) bamboo, (9) long-fallow 
swidden, (10) intermediate-fallow swidden, (11) short-fallow swidden, (12) non-swidden 
agroforest, (13) grassland, pasture and shrub land and (14) permanent cropland (Plate 
2.1). Data from Brunei, Cambodia, Indonesia, Lao PDR, Malaysia, Myanmar, Philippines, 
Papua New Guinea, Singapore, Southern China (Xishuangbanna and Hainan Island), 
Thailand, Timor-Leste and Vietnam were reported (Figure 2.1).  
Due to limited data and a lack of standardization of botanic nomenclature (cf. 
Maxwell, 2004), a variety of vegetation types were lumped into some common land-
cover classes. For example, forests combined both evergreen and deciduous lowland 
forest types. Ambiguous forest types were also placed in this class. Peat swamp forest 
and mangroves were separated from other forest types because they are unique 
wetland ecosystems with a large store of terrestrial carbon and are highly threatened by 
conversions to aquaculture and plantation agriculture (Page et al., 2006; Murdiyarso et 
al., 2009). The orchard and tree plantation group included a range of timber and fruit 
bearing trees such as Acacia, Eucalpytus, Tectona (teak) and cocoa. The logged-over 
forest category included various types of regenerating, secondary and artificial forests. 
Unless there was indication of prior swiddening, all disturbed forests were put in this 
category. Swidden fallows were classified as either short (fallows < 5 years), 
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intermediate (5-10 year fallows) or long (> 10 year fallows). If data was limited (e.g. for 
below-ground root carbon and allometry assessment), all types of swidden fallow were 
combined. While bamboo is a grass, and is common in fallowed lands, it was put in a 
separate category because of its unique morphology and high potential for carbon 
sequestration (Lobovikov et al., 2012). 
 
 
Figure 2.1. Geographical areas of interest include SE Asia, Papua New Guinea and 
Xishuangbanna and Hainan Island in Southern China. SE Asian countries include 
Brunei, Cambodia, Indonesia, Lao PDR, Malaysia, Myanmar, Philippines, Singapore, 









(3) Peat swamp forest 
 
(4) Orchard and tree plantation 
 
(5) Logged over forest 
 
(6) Rubber plantation 
 










(10) Intermediate-swidden fallow 
 
(11) Short-fallow swidden  
 
(12) Non-swidden agroforest 
 
(13) Grassland, pasture and shrub land 
 
(14) Permanent cropland 
 
 
Plate 2.1. The 14 land-covers considered in this study are (1) mangrove, (2) forest, (3) peat swamp forest, (4) orchard and tree plantation, (5) 
logged over forest, (6) rubber plantation, (7) oil palm plantation, (8) bamboo, (9) long-fallow swidden, (10) intermediate-fallow swidden, (11) 
short-fallow swidden, (12) non-swidden agroforest, (13) grassland, pasture and shrub land and (14) permanent cropland (Source: author’s own. 





2.2. Review of above- and below-ground carbon  
I performed a literature search using Google Scholar, Scopus and individual journal 
databases using various permutations of the following keywords: above-ground, below-
ground, roots, root:shoot ratio, carbon, biomass, Southeast Asia, tropics, mangrove, 
forest, peat swamp forest, orchard and tree plantation, logged forest, secondary forest, 
rubber plantation, oil palm plantation, bamboo, swidden fallow, shifting cultivation, 
slash and burn, agroforest, grassland, permanent cropland and agriculture. The 
individual country names were also used as search keywords. In addition, bibliographies 
were used to find relevant articles. Relevant non-English articles (e.g. Chinese, Japanese, 
Malay and Thai) were included if found. Secondary references were cited if the primary 
source could not be obtained. All relevant data were included despite the variable 
quality of some studies. The information that was reported for the review of above- and 
below-ground carbon is shown in Table 2.1. Separate excel spreadsheets were used to 
differentiate between both - Supplementary table S1 for above-ground carbon (AGC) 
















Table 2.1. The information reported for the review of above- and below-ground carbon. 
AGC is found in Supplementary table S1 and BGC in S2. Minimum and maximum 
abbreviated as min and max. 
Above-ground Carbon  Below-ground carbon  
1. Min, max & mean AGC 
2. Location 
3. Land use 
4. Source 
5. Biomass components  
6. Sampling/calculation method  
7. Sampling interval (time) 
8. Sampling interval (distance) 
9. Sample plot size 
10. Replicates 
11. Sample processing method 
12. Carbon determination method   
13. Data type 
 
 
1. Min, max & mean AGC 
2. Min, max & mean BGC 
3. Min, max & mean root:shoot ratio 
4. Sampling depth 
5. Location 
6. Land use 
7. Source 
8. Biomass components  
9. Sampling/calculation method  
10. Sampling interval (time) 
11. Sampling interval (distance) 
12. Sample plot size 
13. Replicates 
14. Sample processing method 
15. Carbon determination method   
16. Data type 
 
 
For studies that reported only biomass values, above- and below-ground carbon 
(AGC or BGC for short) were converted from biomass estimates by multiplying by 50% 
(cf. Smith et al., 2010). Outliers were excluded from all reported above-ground, below-
ground carbon and root:shoot ratios to produce minimums and maximums that define 
the range of plausible values for mature facies of each land-cover group. Values that 
were considered to be outliers were either those associated with very young vegetation 
or unbelievably extreme, compared with the rest of the data. Values were also excluded 
if lack of information on sampling protocols created doubt in their validity. For below-
ground carbon and root:shoot ratios, outlier values include those that result from the 





As time and resource constraints did not allow a review of soil organic carbon 
(SOC) to be completed, previous syntheses by Guo and Gifford (2002) and Don et al. 
(2011) were used to assign a range of plausible SOC values for each land-cover. SOC 
values were needed to estimate total ecosystem stocks, which is the sum of carbon in 
above-ground biomass (AGC), below-ground vegetative biomass (BGC) and SOC.  In 
estimating SOC values, forest was assumed as the ideal situation and a transition from 
forest to cropland reduces SOC by 25-30%; and a transition to grassland brings about a 
12% reduction. Furthermore, secondary forests contain 9% less SOC than primary 
forests. Afforestation of croplands increases SOC by 29%; and fallowing and conversion 
of cropland to grassland increases SOC by 32% and 26% respectively (Don et al., 2011). 
Transitions from forest to various types of plantations decrease SOC by 13% on average 
(Guo and Gifford, 2002). From these relationships, we estimated SOC values for 
different land-cover types using an idealized soil profile containing 150 Mg C ha-1 as the 
reference. The minimum SOC was estimated to be half (75 Mg C ha-1) this value and the 
maximum allowed to be 50% higher (225 Mg C ha-1). For example, a change from forest 
to grassland would yield an estimated SOC range of 66-198 Mg C ha-1. This is computed 
as 0.88 x 75 and 0.88 x 225 Mg C ha-1, where 0.88 represents a decrease in SOC of 12% 
following conversion from forest to grassland (Table 2.2). This idealized soil profile was 
chosen because researchers generally measure SOC to variable depths and the 
calculated ranges should represent an intermediate value. 
Mangrove SOC values were estimated as 3 fold that of forest – an assumption 
based on the data of Donato et al. (2012) who found mangrove SOC ranging from 13-
15%. For peat swamp forest, maximum SOC was estimated by a linear regression 





786.41 (R² = 0.85; n = 10) The minimum peat swamp forest SOC value was calculated as 
2.4 fold that of the mangrove minimum (based on ratio of peat maximum and mangrove 
maximum). For bamboo, the conversion factor was considered to be the same LFS as it 
is frequently found in swidden fallows (Christanty et al., 1996). 
 
Table 2.2. Conversion factors used to calculate differences in SOC among several land-






FOR 1 Equals nominal value of 150 Mg C ha
-1 
LOF 0.91 Conversion for logging 
OTP 0.87 Forest conversion to plantation 
RP 0.87 Forest conversion to plantation 
OP 0.87 Forest conversion factor from forest to plantation 
BAM 0.85 Intermediate of plantations and IFS 
LFS 0.85 Intermediate of plantations and IFS 
IFS 0.83 Conversion factor that is intermediate of plantation and SFS 
SFS 0.79 Conversion factor that is intermediate of GPS and permanent cropland 
AGF 0.81 Conversion factor that is intermediate to plantations and PC 
GPS 0.88 Conversion from forest to grassland or pasture 
PC 0.70 Conversion from forest to permanent cropland (low end) 
 
a Land-cover include: forest (FOR), logged over forest (LOF), orchard and tree plantation 
(OTP), rubber plantation (RP), oil palm plantation (OP), bamboo (BAM), long fallow 
swidden (LFS), intermediate fallow swidden (IFS), short fallow swidden (SFS), non-
swidden agroforest (AGF), grassland, pasture and shrub land (GPS) and permanent 
cropland (PC). 
b Conversion factors are multiplied by a range of plausible SOC values to produce the 
minimum and maximum value 
 
2.3. Assessment of allometric equations  
I performed another literature search on Google Scholar, Scopus and individual journal 
databases using different permutations of the following keywords: above-ground, 
below-ground, roots, root:shoot ratio, allometry, allometric equations, carbon, biomass, 





plantation, logged forest, secondary forest, rubber plantation, oil palm plantation, 
bamboo, swidden fallow, shifting cultivation, slash and burn, agroforest, grassland, 
permanent cropland and agriculture. Individual country names were also used as search 
keywords. In addition, bibliographies were used to find relevant articles. Relevant non-
English articles (e.g. Chinese, Japanese, Malay and Thai) were included if found.  
I compiled a summary of literature-reported allometric equations for calculating 
total biomass, above-ground biomass and below-ground (root) biomass. Four categories 
of equations were identified: (1) multi-species, (2) age-specific/multi-species equations, 
(3) species-specific and (4) age-specific/single species equations. Species-specific 
equations were grouped under the dominant land-cover in which the data were 
collected. For some, the age of the vegetation sampled was known. Tree height and 
stem volume equations were also included. Equations for above-ground biomass include 
separate equations for individual tree components (e.g. stem, branch, leaves, flowers 
and fruits). To facilitate future use of the compiled equations, information on species 
and plant components, author-reported regression statistics such as R² and adjusted R² 
values, number of trees harvested, locations of field site(s), diameter ranges for which 
the equations were valid, and other relevant bibliographic information were included. 
Separate word documents were used for above- and below-ground allometric equations 
- Supplementary table S3 for above-ground allometric equations and S4 for below-





Chapter 3. Carbon outcomes of major land-cover transitions in SE Asia: Great 







Policy makers across the tropics propose that carbon finance could provide incentives 
for forest frontier communities to transition away from swidden agriculture (slash-and-
burn or shifting cultivation) to other systems that potentially reduce emissions and/or 
increase carbon sequestration. However, there is little certainty regarding the carbon 
outcomes of many key land-use transitions at the center of current policy debates. Our 
review of over 250 studies reporting above- and below-ground carbon estimates for 
different land-use types indicates great uncertainty in the net total ecosystem carbon 
changes that can be expected from many transitions, including the replacement of 
various types of swidden agriculture with oil palm, rubber, or some other types of 
agroforestry systems. These transitions are underway throughout Southeast Asia, and 
are at the heart of REDD+ debates. Exceptions of unambiguous carbon outcomes are the 
abandonment of any type of agriculture to allow forest generation (a certain positive 
carbon outcome) and expansion of agriculture into mature forest (a certain negative 
carbon outcome). With respect to swiddening, our review supports a reassessment of 
policies that encourage land-cover conversion away from these (especially long-fallow) 
systems to other more cash-crop-oriented systems producing ambiguous carbon stock 
changes—including oil palm and rubber.  In some instances, lengthening fallow periods 
of an existing swidden system may produce substantial carbon benefits, as would 
conversion from intensely cultivated lands to high-biomass plantations and some other 
types of agroforestry. More field studies are needed to provide better data of above- 
and below-ground carbon stocks before informed recommendations or policy decisions 
can be made regarding which land-use regimes optimize or increase carbon 





food security, and local livelihoods, the entire carbon and non-carbon benefit stream 
should also be taken into account before prescribing transitions with ambiguous carbon 
benefits.  
Keywords:  REDD+, shifting cultivation, swidden, slash-and-burn, tropical deforestation, 
climate change, rubber plantations, oil palm, agroforestry, land-cover change. 
 
3.2. Introduction  
Parties to the United Nations Framework Convention on Climate Change (UNFCCC) have 
agreed that efforts to Reduce Emissions from Deforestation and forest Degradation 
(REDD+) will play a focal role in future climate change mitigation efforts (UNFCCC, 2010; 
2011). Under the proposed UNFCCC REDD+ framework, forest-rich, developing nations 
would be paid by industrialized nations if they achieve long-term reductions in carbon 
emissions by reducing deforestation and forest degradation, protecting and enhancing 
carbon stocks, and replacing unsustainable forest practices with ones that sequester 
more carbon (UNFCCC, 2010; 2011). This is expected to produce cost-effective, 
politically-attractive means of reducing greenhouse gas emissions, meanwhile producing 
co-benefits such as biodiversity conservation, maintenance of ecosystem services and 
sustainable rural development (cf. Gibbs et al., 2007; van Noordwijk et al., 2009; Mertz, 
2009; Phelps et al., 2012). However, UNFCCC decisions have yet to specify exactly what 
land-use reforms and activities will be promoted and rewarded under a future REDD+ 
mechanism. Given uncertainties about carbon stocks and fluxes under slash-and-burn 
agriculture and potential alternative land uses, it remains unclear how the mechanism 
will influence the livelihoods and agricultural practices of rural and forest-dependent 





is more appropriately termed swiddening or shifting cultivation—because it is a land use 
heavily targeted for transformation under a number of REDD+ policies.  Moreover, 
swiddening has long been criminalised and misunderstood across much of its range 
(Padoch and Pinedo-Vasquez, 2010; Ziegler et al., 2011). Nevertheless our analysis 
provides insight for all major land-cover transitions relevant to REDD+. 
Swiddening is a longstanding, widespread and diverse category of land use (Fox 
et al., 2009). It is either the main source of livelihood or an important source of 
supplementary income for millions of people worldwide (Cramb et al., 2009; Mertz et 
al., 2009).  Swiddening typically involves clearing plots of woody vegetation with the aid 
of fire, then cultivating for a few (< 3-10) years before fallowing (cf. Mertz et al., 2009). 
Although a wide range of land-use systems and management practices fall within this 
description, a fundamental division exists between partial and integral swidden systems.  
In partial systems, incipient swiddens involve farmers with little prior knowledge of 
swidden techniques who devote efforts in clearing and burning swidden fields for other 
permanent forms of agriculture next to homesteads.  In integral systems, pioneer and 
established, rotational swiddens are predominant (Conklin, 1957). Pioneer swiddens 
involve farmers customarily clearing portions of primary forest and then cultivating for a 
few cycles before new plots are established elsewhere, often in another landscape or 
watershed. Established, rotational systems involve moving from plot to plot within the 
same landscape, with relatively little primary forest affected (Conklin, 1957).   
Both systems are interconnected, however, with the pioneer strategy being 
used to open up new primary forest areas for rotational swidden, which occurs when 
populations migrate and expand into previously uncultivated areas; it also occurs 





economies (e.g. Vadya, 1961; Inoue and Lahjie, 1990; Mertz et al., 2009). Rotational 
swidden systems involve the farmer returning to formerly cultivated plots after short (< 
5 years), intermediate (5-10 years), or long (10-25+ years) fallow periods and is often 
part of customary practice (e.g., religion, ritual, and sacrifice).  Depending on land-use 
history, length of fallow, and the degree of disturbance during the cultivation phase, 
successive regrowth in swidden systems includes vegetation associations ranging from 
poor-quality grasslands to mature secondary forests high in biomass and species 
diversity, albeit of various degrees of degradation (cf. Cairns, 2007; Brunn et al., 2009; 
Messerli et al., 2009; Rerkasem et al., 2009; Ziegler et al., 2009b; Lawrence, 2004; 2005). 
Swidden systems vary dramatically in their management of biophysical 
constraints on plant growth, and thus their impacts on forests and carbon cycling also 
varies widely. However, these systems are often amalgamated into a single category 
that is labeled a leading agent of forest degradation, deforestation and carbon 
emissions (Dove, 1983; Geist and Lambin, 2002; Mertz, 2009; FCPF, 2010; 2011, Ziegler 
et al., 2011). Throughout much of South and Southeast Asia, swidden agriculture has 
largely been replaced by other forms of agriculture (Rasul and Thapa, 2003; Padoch et 
al., 2007; Schmidt-Vogt et al., 2009). These transitions have often been motivated by 
government policies restricting swiddening, as well as economic factors that promote 
commercial agriculture (Cramb et al., 2009; Fox et al., 2009; van Vliet, 2012).  
Nonetheless, REDD+ policymakers across the tropics are proposing that REDD+ carbon 
finance be used to provide further economic incentives for even more rural 
communities to transition away from swidden agriculture to other land uses, 
anticipating the changes will increase carbon sequestration and reduce pressures on 





Crucially, too little is known about differences in carbon cycling within various 
types of swidden and replacement agricultural systems to provide convincing evidence 
as to which land-cover/land-use (LCLU) types would provide the most viable basis for 
emissions mitigation approaches (Phelps et al., 2010a). While swidden agricultural 
techniques result in conspicuous point sources of CO2 emissions during periodic burning, 
these carbon losses are offset to varying degrees by sequestration during the fallow 
phase. At the very least, one must demonstrate which transitions will result in long-
term, verifiable gains in sequestered carbon (cf. ASB, 2011). Herein we address this issue 
by analyzing available estimates of above-ground carbon (AGC), below-ground carbon 
(in root biomass, BGC), and soil organic carbon (SOC) for swidden and major 
replacement land-covers in Southeast Asia.   
 
3.3. Methods 
We identify several common LCLU transitions that involve swidden agriculture and are 
highly relevant to REDD+ and carbon-focused forest management in Southeast Asia: (a) 
permanent abandonment of a swidden site to allow regeneration of forests; (b) 
continuation of status-quo rotational swidden systems; (c) replacement of swidden by 
orchards or monoculture tree plantations, including rubber, oil palm, and timber 
species; (d) replacement of swidden by non-sequential agroforestry systems (e.g., home 
gardens, intercropping strategies); (e) intensification of swidden characterized by a 
lengthened cropping period and a shortened fallow period; (f) replacement of swidden 
by grassland, pasture, or shrub land; (g) replacement of swidden by permanent cropping 
of continuous annual field crops and non-tree monocultures (e.g., commercial crops); 





(i) extending the swidden fallow periods of existing short- and intermediate-fallow 
systems and (j) logging. 
 For each transition we assign a range of above- and below-ground carbon stock 
values from more than 250 published case studies and relevant reviews for the SE Asia 
region. When necessary we estimate carbon biomass as one-half the reported 
vegetative biomass value (cf. Smith et al., 2010). For each prospective transition we 
identify a plausible range for total ecosystem carbon (TEC = AGC + BGC +SOC).  We 
classify swidden as short (fallows < 5 years), intermediate (5-10 year fallows), and long-
fallow agriculture systems (fallows > 10 years). The latter category includes pioneer 
swiddening.  Owing to limited data we do not distinguish among various subtypes of 
each land-cover (e.g., dry versus moist forest types), but we do separate swiddening 
from other types of agroforestry.  The associated land-covers for the transitions 
mentioned above are the following: forest (FOR); logged over forest (LOF), orchards and 
tree-plantations (OTP), long-fallow swidden (LFS); rubber plantations (RP), non-swidden 
agroforest (AGF), grassland, pasture, or shrub land (GPS), intermediate-fallow swidden 
(IFS), oil palm plantations (OP), short-fallow swidden (SFS), and permanent cropland 
(PC). 
Most studies that provide AGC estimates or forest biomass data were 
conducted in Indonesia and Malaysia (Supplementary table S1). A smaller set of reports 
provide data for Thailand, the Philippines, and Southern China (Xishuangbanna and 
Hainan Island). Data for Brunei, Cambodia, Laos, Myanmar, Papua New Guinea, and 
Vietnam are rarer still (Supplementary table S1).  The data represent many forest types, 
ranging from dry lowland dipterocarp forests to moist mountain forests and wet 





the associations due to the lack of standardization of forest nomenclature (cf. Maxwell, 
2004).  Fewer data are available for the nine other general land-cover types.  From the 
range of values reported, we exclude outliers to produce minimums and maximums that 
define the range of plausible values (Figure 3.1).  This modified range is used for 
comparing AGC associated with the 11 land-covers considered (Figure 3.2). In defining 
the ranges we excluded many low values that were associated with arguably extreme 
conditions (e.g., high altitudes for rubber; degraded forest) or young ages (e.g., 
immature forest stands); similar caution was used in defining the high end (e.g., savanna 
for the GPS category). 
 
 
Figure 3.1.  Summary of AGC values (from Supplementary table S1).  Open and closed 
circles are minimum and maximum values of reported ranges, respectively.  Cross refer 
to reported mean values. The thick line (ending in a cross) is the modified range, defined 
by the minimum and maximum values reported in Table 3.3 (also shown in Figure 3.2a). 
Land-covers are the following: forest (FOR); logged over forest (LOF); orchard and tree 
plantation (OTP); rubber plantation (RP); long-fallow swidden (LFS); non-swidden 
agroforest (AGF); grassland, pasture, or shrub land (GPS); oil palm plantation (OP); 







Figure 3.2. For the eleven land-covers considered in this analysis, plausible ranges of the 
following: (a) above-ground carbon biomass (AGC); (b) below-ground carbon biomass in 
vegetation (BGC); (c) soil organic carbon (SOC); and (d) total ecosystem carbon (TEC = 
AGC + BGC + SOC). Land-covers are the following: forest (FOR); logged over forest (LOF); 
orchard and tree plantation (OTP); rubber plantation (RP); long-fallow swidden (LFS); 
non-swidden agroforest (AGF); grassland, pasture, or shrub land (GPS); oil palm 






Much less information is available for below-ground carbon biomass (BGC; 
summary data not shown), largely because of the difficulty in quantifying below-ground 
phenomena. Thus in the analysis we rely on biomass partitioning factors (BPF = 
BGB/AGB) based on reported root:shoot ratios to estimate plausible BGC values (Table 
3.1). The plausible BPFs for forest (0.10-0.28) are based on several studies conducted 
throughout SE Asia (Table 3.1). We also use this same range for logged over forests.  The 
BPF range assigned to agroforestry is slightly larger at 0.10-0.34, for which the maximum 
is associated with home gardens in Java (Jensen, 1993). Orchards and other tree 
plantations are assigned a range (0.10-0.33) consistent with data from several SE Asia 
countries. The range for oil palm (0.15-0.40) and intermediate- and long-fallow swidden 
(0.12-0.25) are based on limited data from Indonesia and Malaysia.  We use the data 
from China and Cambodia to assign rubber BPFs that range from 0.10 to 0.26.  Limited 
data suggest a very large range (0.30-1.92) for various types of grassland, pasture, and 
shrub land.  The BPFs assigned to short-fallow swidden and permanent agriculture 
(0.05-0.20) is the lowest of all land-covers.   
Soil organic carbon (SOC) comprises a percentage of the total ecosystem carbon 
that is difficult to quantify across most landscapes (cf. Dixon et al., 1994; Don et al., 
2011). Direct comparison of SOC values among several sites is problematic because of 
lack of standardization in determination methods and disregard for depth-specific bulk 
density (Guo and Gifford, 2002; Don et al., 2011).  In addition to initial carbon content, 
many other factors affect SOC at any location at any given time, including climate, 
topography, soil type, microbial communities, nitrogen cycling processes, management, 
and prior land use (Murty et al., 2002; Bruun et al., 2006). Thus, we rely on previous 





values for each land-cover in this analysis, as follows. We begin by assuming forest is the 
ideal situation (Table 3.2).  A transition from forest to croplands reduces SOC by 25-30%; 
and a transition to grasslands brings about a 12% reduction (Don et al., 2011).  
Furthermore, secondary forests contain 9% less SOC than primary forests (Don et al., 
2011). Afforestation of cropland increases SOC 29%; and fallowing and conversion of 
cropland to grasslands increases SOC 32% and 26%, respectively (Don et al., 2011). 
Transitions from forest to various types of plantations decrease SOC on average by 13% 
(Guo and Gifford, 2002).   
From these relationships, we estimated SOC values for different land-cover 
types using an idealized forest soil profile containing 150 Mg C ha-1 SOC as the 
reference.  The minimum SOC was estimated to be half (75 Mg C ha-1) this value; and 
the maximum is allowed to be 50% higher (225 Mg C ha-1). Thus, for example, a change 
from forest to grassland would yield an estimated SOC range of 66-198 Mg C ha-1. This is 
computed as 0.88 * 75 Mg C ha-1 and 0.88 * 225 Mg C ha-1, where 0.88 represents a 
general mean decrease in SOC of 12% associated with a forest-to-grassland transition 






Table 3.1. Biomass partitioning factors (BGB/AGB) used to calculate below-ground carbon biomass values from the estimated range of above-








FOR 0.10 0.28 The range brackets values reported for Brunei (Brown et al., 1993), Cambodia (Hozumi et al., 1969; Kiyono et al., 2010), 
China (Feng et al., 1998; Zheng et al., 2000; Shanmughavel et al., 2001; Lü et al., 2006; Qi & Tang, 2008), Indonesia 
(Brown et al., 1993; Hergoualc’h & Verchot, 2011); Laos (Brown et al., 1993), Malaysia (Bandhu, 1973; Koopmans & 
Andriesse, 1992; Cairns et al., 1997; Pinard & Putz, 1996; Hikmat, 2005; Niiyama et al., 2010), Papua New Guinea 
(Edwards & Grubb, 1977); Philippines (Brown et al., 1993); Thailand (Ogawa et al., 1965; Brown et al., 1993; 
Terakunpisut et al., 2007; Pibumrung et al., 2008) and the tropics (Germer & Sauerborn, 2008). 
LOF 0.10 0.28 Assumed to be same as forest. 
OTP 0.10 0.33 The range brackets values reported for Indonesia (Lasco, 2002; Miyakuni et al., 2004; Syahrinudin, 2005), Malaysia 
(Nykvist et al., 1996), Papua New Guinea (Yamada et al., 2000a); Thailand (Hiratsuka et al., 2005; Gnanavelrajah et al., 
2008) and Vietnam (Zemek, 2009). Maximum value bound at 0.33. 
RP 0.10 0.26 The range brackets values reported for Cambodia and China (Hainan and Xishuangbanna) by Cheng et al. (2007), Tang et 
al. (2009) and Mizoue et al. (2009). 
LFS 0.12 0.25 Values bracket data for swiddening in general in Indonesia and Malaysia (Koopmans & Andriesse, 1982; Kiyono & 
Hastaniah, 2005; Kenzo et al., 2010). 
AGF 0.10 0.34 The range brackets values reported for Indonesia (Jensen, 1993; Roshetko et al., 2002) and a minimum value of 0.10. 
GPS 0.30 1.92 Values correspond with those for tropical/ subtropical grassland reported by Mokany et al. (2006); the range also 
brackets that reported by Kamnalrut & Evenson (1992), Syahrinudin (2005), IPCC (2006) and Germer & Sauerborn 
(2008). 
OP 0.15 0.40 Brackets data for Indonesia (Syahrinudin, 2005; Hergoualc’h & Verchot, 2011) and Malaysia (Henson & Chai, 1997; 
Khalid et al., 1999a, b; Henson & Dolmat, 2003). 
IFS 0.12 0.25 Values bracket data for swiddening in general in Indonesia and Malaysia (Koopmans & Andriesse, 1982; Kiyono & 
Hastaniah, 2005; Kenzo et al., 2010). 
SFS 0.05 0.20 Minimum and maximum values were set slightly lower than those for intermediate- and long-fallow swiddening. 
PC 0.05 0.20 Assumed to be same as short-fallow swiddening. 
a Land-covers are the following: forest (FOR), logged-over forest (LOF), orchard and tree plantation (OTP), rubber plantation (RP), long-fallow 
swidden (LFS), non-swidden agroforest (AGF), grassland, pasture and shrub land (GPS), intermediate-fallow swidden (IFS), short-fallow swidden 
(SFS) and permanent cropland (PC).  





Table 3.2. Conversion factors used to calculate differences in SOC among several land-






FOR 1 Equals nominal value of 150 Mg C ha
-1 
LOF 0.91 Conversion for logging 
OTP 0.87 Forest conversion to plantation 
RP 0.87 Forest conversion to plantation 
LFS 0.85 Intermediate of plantations and IFS 
AGF 0.81 Conversion factor that is intermediate to plantations and PC 
GPS 0.88 Conversion from forest to grassland or pasture 
OP 0.87 Forest conversion factor from forest to plantation 
IFS 0.83 Conversion factor that is intermediate of plantation and SFS 
SFS 0.79 Conversion factor that is intermediate of GPS and permanent cropland 
PC 0.70 Conversion from forest to permanent cropland (low end) 
a Land-cover include: forest (FOR), logged over forest (LOF), orchard and tree plantation 
(OTP), rubber plantation (RP), long-fallow swidden (LFS), non-swidden agroforest (AGF), 
grassland, pasture and shrub land (GPS), oil palm plantation (OP), intermediate-fallow 
swidden (IFS), short-fallow swidden (SFS), and permanent cropland (PC). 
b Conversion factors are multiplied by a range of plausible SOC values to produce the 
minimum and maximum values. 
 
3.4. Results 
3.4.1. Carbon estimates 
Forest AGC biomass ranges from 40 to 400 Mg C ha-1 (Table 3.3).  Many of the highest 
values are for rainforests and primary forests (e.g., in Indonesia; Supplementary table 
S1). Low values tend to be dry forests or those that are disturbed or potentially stressed 
by geographical setting (e.g., high altitudes in Southern China).  While the range of AGC 
for most types of forests is large throughout the region, the center value of the range, 
220 Mg C ha-1, is realistic value for forest in SE Asia (cf. Gibbs et al., 2007).  As expected, 
the AGC range of logged-over forests shifts downward to 30-210 Mg C ha-1 (Table 3.3). 
Rubber plantations (25-143 Mg C ha-1), orchards and other types of tree plantations (15-





100 Mg C ha-1), grasslands, pastures and shrubs (3-35 Mg C ha-1) and permanent 
croplands (2-15 Mg C ha-1) contain substantially lower AGC biomass than forests. AGC 
biomass range of short-fallow swidden (2-22 Mg C ha-1) was virtually indistinguishable 
from permanent croplands (Figure 3.1). The range of AGC for long-fallow swidden 
systems (25-110 Mg C ha-1) is not greatly different from that of rubber; and the AGC 
biomass range of intermediate-fallow systems (4-50 Mg C ha-1) is most similar to oil 
palm (Figure 3.1).  
Patterns of estimated BGC values for the eleven types of land-cover largely 
follow those for AGC, with forests having the highest range (4-112 Mg C ha-1); and 
permanent crops and short-fallow swidden the lowest (1-2 and 1-4 Mg C ha-1, 
respectively). Below-ground carbon in logged-over forests, orchards, and other tree-
based plantations ranges from about 2 to 59-66 Mg C ha-1.  Notably, the maximum oil 
palm BGC value (28 Mg C ha-1) is lower than most other tree-based land-covers except 
long-fallow swidden (28 Mg C ha-1) and rubber (37 Mg C ha-1). The estimated range of 
BGC for rubber plantations is 3 to 37 Mg C ha-1; and various types of non-swidden 
agroforestry have a range of 2-34 Mg C ha-1 (Table 3.3).   
Estimated SOC for the eleven land-cover transitions are not highly variable, in 
part because of our generalized way in making categorical calculations from review data 
(Table 3.3). In general, great uncertainty in SOC changes following conversion is 
important because the SOC fraction could be large, particularly for deep soils high in 
organic material. The greatest losses of SOC are expected to occur shortly after the 
initial forest conversion, and then approach equilibrium—this is likely true for swidden 
fields and plantations alike (cf. Murty et al., 2002; Bruun et al., 2009). However, 





as from terracing to allow planting of high-value tree crops on steep slopes (Bruun et al., 
2009).  Regeneration of SOC is especially relevant to fallowing in swidden systems. 
Unless sites are severely degraded, lengthy fallowing should increase SOC on the order 
of 25% (assuming succession leads to grasslands or secondary forests).  SOC is also likely 
to increase in converted plantations as tree stands mature, although increases may be 
curbed by understory management approaches that remove vegetation and fine/woody 
organic debris. Here we also recognize that carbon stocks after an initial transition may 




 Table 3.3. Range of above-ground carbon biomass (AGC), below-ground carbon 
biomass (BGC) and soil organic carbon (SOC) and total ecosystem carbon (TEC) for ten 
land-covers. 
 
 AGC   BGC      SOC     TEC   
Land-covers
a 
MIN MAX  MIN MAX  MIN MAX  MIN MAX 
Forest 40 400  4 112  75 225  119 737 
Logged-over forest 30 210  3 59  68 205  101 474 
Orchards & tree plantations 15 200  2 66  65 196  82 462 
Rubber plantations 25 143  3 37  65 196  93 376 
Long-fallow swidden 25 110  3 28  64 191  91 329 
Non-swidden agroforest 15 100  2 34  61 182  77 316 
Grasslands/ pastures/ shrub land 3 35  1 67  66 198  70 300 
Oil palm 17 69  3 28  65 196  85 292 
Intermediate-fallow swidden 4 50  1 13  62 187  67 249 
Short-fallow swidden 2 22  1 4  59 178  62 204 
Permanent croplands 2 15  1 2  53 158  56 175 
 
a Land-covers are ranked by maximum TEC (AGC + BGC + SOC). All values are in units of 






3.4.2. Total ecosystem carbon stock differences 
Based on the data and assumptions outlined above, the highest range of TEC values is 
for forests (119-737 Mg C ha-1; Figure 3.2; Table 3.3). The forest TEC range was 
distinguishable from all other ecosystems by its upper end, which was 55% greater than 
logged forest (101-474 Mg C ha-1) and more than twice that of most other ecosystems 
(Table 3.3). In contrast, there was much less variability in the minimum TEC values 
across ecosystem types (Figure 3.2). Orchards/tree plantations TEC range (82-462 Mg C 
ha-1) is similar to logged forests, and rubber plantations are similar to long-fallow 
swiddening (93-376 Mg C ha-1 versus 91-329 Mg C ha-1, respectively, Table 3.3). The 
range for agroforestry TEC is slightly lower at 77-316 Mg C ha-1.  Total ecosystem carbon 
values for grassland/pastures/shrub land (70-300 Mg C ha-1) and oil palm plantations 
(85-292 Mg C ha-1) are similar (Table 3.3). It is important to note that TEC values for 
grasslands, pastures, and shrub land are elevated because root:shoot ratios associated 
with some ecosystems are very high compared with other land-covers (Table 3.1).  The 
main difference between short- and intermediate-fallow swidden systems is in the 
upper range, 204 versus 249 Mg C ha-1, respectively; the low values are similarly at 62 
and 67 Mg C ha-1, respectively (Table 3.3). Finally, permanent croplands have TEC ranges 
slightly below that of short-fallow swidden (56-175 Mg C ha-1).   
Based on these data, the following positive and negative outcomes in total 








(a) Certain positive carbon outcomes:  
 Abandonment of any agricultural system to allow permanent forest 
regeneration. 
 Regeneration of logged forest into high-biomass “primary” forest. 
 Conversion of permanent croplands and short-fallow swidden systems to other 
land-uses, including tree-based plantations, orchards, various agroforests and 
intermediate- to long-fallow swidden systems. 
 Transition from intermediate-fallow swidden to long-fallow swidden systems, 
other agroforestry systems, rubber and other tree plantations.  
 Regeneration of grasslands—particularly if degraded—or replacement of 
pastures with orchards, rubber and timber plantations. 
 Conversion from oil palm plantations to rubber plantations, orchards, or other 
tree-based plantations. 
 
(b) Certain negative carbon outcomes: 
 Logging of high-biomass primary forest. 
 Conversion of primary or other high-biomass forest into any type of agriculture 
or plantation. 
 Conversion of any land-cover type, except short-fallow swiddening, to 
permanent croplands. 
 Intensification of any type of swidden agriculture via shortening of fallow period 
and/or increasing the length of the cropping period. Data presented elsewhere 
also suggest that the continuation of status-quo rotational swidden systems 





 Replacement of long-fallow swiddening by permanent croplands—this may also 
apply to some intermediate-fallow swiddens. 
 Conversion of rubber to oil palm, permanent croplands, or short and 
intermediate-fallow swidden systems—probably also grasslands. 
 
Based on our analysis, many other land-cover/land-use transitions would 
produce uncertain or potentially neutral carbon outcomes: e.g., (i) transitions between 
short-fallow swidden systems and permanent croplands; (ii) land-cover changes 
between/among long-fallow swidden, other agroforestry systems, and rubber; and (iii) 
land-cover changes between/among intermediate-fallow swiddening, grasslands, 
pastures, shrub land, and oil palm plantations. This uncertainty is important to stress 





While the scale of uncertainty as highlighted by this analysis is clear, it remains 
important to articulate its limitations. First, long-term carbon benefits of any transition 
depend greatly on the fate of the above-ground vegetation at the end of a land-use 
rotation. For example, the decision on whether to protect/restore logged-over, 
previously high-biomass forests (with the explicit intention of increasing biomass) or 
allow their conversion to another non-forest land-cover could lead to significantly 





wide scale, processing over-mature rubber trees into various wood products would 
increase the lifetime of carbon gains. In addition, existing data on BGC are only sufficient 
to conclude that replacement systems that do not increase or maintain root biomass 
probably store less BGC than most swidden systems. 
Data gaps, variable data quality and lack of methodological standardization 
created several problems. Notably, most case studies only examined a single land use, 
and did not determine carbon stock changes over a long period of time, or measure 
forest biomass before the disturbance/transition. Above-ground C stocks in land-use 
systems with rotation times of several years (e.g. swidden systems and plantations) 
should ideally have been calculated as time-averaged values to allow for a comparison 
of systems with different rotation times. However, due to the limited availability of 
studies that report the time-averaged above-ground C storage in the land-use systems 
in question (Bruun et al., 2009) this was not possible. 
Information on spatial and temporal heterogeneity was rarely available to allow 
scaling from sampled plots to the landscape scale. In some cases, plot sizes were 
arguably too small for estimating biomass with high accuracy (although we still included 
them); ideally, replicated plots should have areas of at least 2500m² (Brown et al., 
1996).  In some case studies, inappropriate allometric equations yielded under- or over-
estimates of tree biomass. Some studies were also limited by inaccurate land-use 
change data, such as inaccurate interviewee accounts of land-use history.  
Lack of methodological standardization undermines accurate assessments of 
differences in soil organic carbon among land-cover types. Ideally one would want to 
determine these differences for profiles of a common depth (e.g., ≥ 1-2m), accounting 





possible, thus we relied on a SOC conversion factor, relative to an idealized forest (Table 
3.2) based on the most comprehensive meta-analyses to date (Guo and Gifford, 2002; 
Don et al., 2011).  While having ecosystem-specific conversion values would have been 
optimal, our solution was the most appropriate given the absence of such data.   
Categorizing each case study was not always straightforward because most 
provided too little information to ensure unequivocal classifications, and because land-
cover is influenced both by land-use history and current management.  For example, we 
occasionally classified some post-disturbance land-covers as various stages of fallow 
rather than grasslands or logged-over forests; and in one other instance we classified a 
tea plantation within the OTP category, rather than permanent croplands.  In making 
these decisions we relied on our interpretation of contextual information provided in 
the case studies, combined with our own experience. However, the few cases of 
uncertain classifications did not bias the results greatly as they eliminated group outliers 
that would have been ignored when we selected the subset of values that formed the 
plausible range for each land-cover. 
Importantly, our analysis does not assess the relative biodiversity, financial or 
livelihood benefits associated with each LCLU transition, although these factor heavily in 
policy discussions (Phelps et al., 2010b; 2012). The carbon-positive transitions that we 
identify are not equivalent in terms of non-carbon benefits. For example, maintaining 
land under swidden agriculture can deliver superior biodiversity benefits compared with 
monoculture plantations and some other agroforestry systems, but crops are likely 
more lucrative while also exposing landholders to market fluctuations (cf. Lawrence, 
2004; Fox et al., 2009; Rerkasem et al., 2009; Cramb et al., 2009; Padoch and Pinedo-





REDD+ finance; transitions that negatively affect biodiversity could be disqualified based 
on UNFCCC safeguards (e.g., some transitions to plantations; UNFCCC, 2011). Finally, 
these transitions assess the possible carbon outcomes in the context of single-site 
changes only. When considering the broader landscape, the possibility that one land-
cover transition could shift pressures and influence the land-cover transitions—and 
therefore carbon outcomes—at other sites (so-called leakage) should not be overlooked 
(Miles and Kapos, 2008). 
 
3.5.2. Policy Implications 
Our analysis of more than 250 studies reveals that aside from a few exceptions it is 
virtually impossible, given the current state of knowledge, to make informed 
recommendations or policy decisions regarding how many of the land-use changes 
occurring in Southeast Asia would affect total ecosystem carbon stocks. Notably, there 
is little evidence to suggest that transitions from swidden agriculture to most other land 
uses will directly or reliably produce positive carbon gains, e.g. from intermediate- or 
long-fallow swidden systems to oil palm and rubber plantations. Yet many proposals to 
reduce deforestation and forest degradation target rotational farmers for exactly these 
types of land-use transitions, placing swidden at the centre of global REDD+ climate 
change mitigation actions (FCPF, 2011; UNREDD, 2010). This review thus supports a 
reassessment of policies that encourage land-cover conversion away from (especially 
long-fallow) swidden systems (cf. Ziegler et al., 2011). 
 Southeast Asia hosts a number of early REDD+ type projects (as of January 
2012): Indonesia (44 projects), Cambodia (4 projects), Malaysia (1 project), Vietnam (7 





and Laos (1 project); and several countries in the region have also started national-level 
preparations to engage with a future REDD+ mechanism (CIFOR, 2011; FCPF, 2011).  
Although most countries have released only initial planning documents, replacement of 
swidden agriculture with other land uses is a common feature.  For example, Indonesia's 
REDD+ strategy proposes agricultural intensification (permanent cropland) and planting 
of oil palm and trees for pulp and timber (plantations) as alternatives to unsustainable 
forest harvest and slash-and-burn agriculture (FCPF, 2011). Similarly, Cambodia's leading 
REDD+ pilot project at Oddar Meanchey promotes transitions from slash-and-burn 
farming to intensive, permanent agriculture and farming of high-value crops, land-use 
transitions also evident in Vietnam's REDD+ Readiness Proposal (FARGC, 2009; FCPF, 
2011).  These proposed transitions are representative of the global trend in REDD+ 
planning promoting shifts away from swidden. The Democratic Republic of Congo 
intends to “increase productivity and sedentary lifestyle” of 50% of its subsistence 
farmers by 2030 with an aim of reducing pressures on forests (FCPF, 2010). Nepal also 
proposes to replace swidden agriculture with intensive agriculture, and Mozambique 
intends to “eradicate slash-and-burn farming” (FCPF, 2010). Similar transitions have 
already been spurred under the Kyoto Protocol’s Clean Development Mechanism 
(Satanarayana, 2004; Hung, 2004; LTHRC, 2007). 
Despite policy assumptions, our analysis of plot-level carbon outcomes 
highlights that direct transitions from swidden agriculture to permanent sedentary 
agriculture—or even rubber or oil palm plantations in some cases—will not necessarily 
deliver positive carbon outcomes. Such transitions may only result in positive carbon 
outcomes if a large proportion of the former cultivated land is abandoned, allowed to 





agricultural intensification and high value crops do not necessarily result in land sparing, 
reduced deforestation or forest degradation elsewhere (Kaimowitz and Smith, 2001; 
Rudel et al., 2009; Vandermeer and Perfecto, 2007; Matson and Vitousek, 2006; 
Perfecto and Vandermeer, 2010). Previous interventions reveal that agricultural 
intensification can actually spur in-migration and agricultural expansion (Angelsen and 
Kaimowitz, 2001; Matson and Vitousek, 2006).  This could be aggravated as agricultural 
intensification is also likely to increase future opportunity costs of implementing REDD+ 
(Ghazoul et al., 2010).  As such, it is foreseeable that REDD+ policies could incentivize 
transitions away from slash-and-burn agriculture, yet ultimately fail to preserve forest or 
reduce carbon emissions at larger scales and over time.  Such concerns should deter 
policy simplifications about land-use transitions, though such simplifications are 
mainstream. 
Current policy prescriptions for replacing all types of swidden agriculture may 
also represent a misreading of the long-term carbon landscape (cf. Dove, 1983; Fairhead 
and Leach, 1996).  From a long-term carbon perspective, intermediate and long-fallow 
swidden systems could conceivably represent optimal land-use options in some 
situations (Fox, 2000; Fox et al., 2000). While long-fallow swiddening results in a slow, 
net loss in carbon over time (Eaton and Lawrence, 2009), our analysis suggests that the 
losses associated with a transition to many other land uses (except tree-based 
plantations and forest) would be greater—and potentially, faster. In some situations, 
maximum carbon benefits may accrue by lengthening the fallow periods in existing 
swidden systems or managing the tree and bush phases of fallows more effectively. 
While caution is needed in the planning and implementation of such strategies, REDD+ 





intermediate and long-fallow swidden and agroforestry systems within the broader 
forest landscape.  However, there are significant social and economic barriers to 
reversing the decades-long trend of shortening fallows and transitions away from 
traditional land management that result in negative carbon outcomes (Mertz et al., 
2009). Conflicting conservation, agricultural and land-use policies, human pressures on 
forest resources, and a range of economic factors fundamentally limit improved 
resource management. Furthermore, many government agencies fail to recognize the 
difference between abandoned and fallow lands, and few currently accept swidden 
agriculture as appropriate under any circumstances (Fox et al., 2009; Ziegler et al., 
2009a; 2011).  
Increased and appropriately-funded research is required to improve estimates 
of AGC, BGC, and SOC stocks, and would help to identify optimal land uses and 
transitions, including locations and situations where swidden agriculture can deliver 
positive carbon outcomes.  This will necessitate particular focus on below-ground 
carbon, which can sway decisions regarding optimal land use.  Additional work is also 
needed to accurately quantify greenhouse gas flux and radiative forcing changes 
associated with all land-cover transitions.  
Current methodologies outlined by the IPCC (2006) and GOFC-GOLD (2009) have 
the potential to produce reliable estimates (cf. Asner, 2009; Kampe et al., 2010).  
However, our analyses highlight that extensive, supplementary fieldwork at fine spatial 
scales is needed because of the great variability among sites–particularly the 
uncertainty in below-ground carbon stocks.  Even sites grouped into the same land-use 
categories and within the same region and country often have drastic differences 





vegetative succession. These can only be detected through new site-specific 
assessments.  Importantly, ground-based inventories are essential because most space-
borne monitoring techniques, upon which many REDD+ monitoring and reporting 
strategies plan to rely, are not capable of distinguishing these differences, or of 
detecting degradation accurately due to the large proportion of biomass in large trees, 
and because of the non-linear links between vegetation indices, biomass, and stand 
characteristics, such as texture, complexity, or degree of fragmentation (Sader et al., 
1989; Foody et al., 2001; 2003; Freitas et al., 2005; Lu, 2005). Furthermore satellite 
remote sensing (even hyperspectral) has not been shown to accurately determine SOC 
(Gomez et al., 2008). Thus, improved future assessments, especially for transitions that 
do not have explicit positive carbon outcomes, could significantly increase the costs of 
REDD+ implementation and increase demands on participating countries.  Extensive 
local collaboration for data collection (e.g., Danielsen et al., 2011; Alternatives to Slash 
and Burn benchmark sites, ASB, 2011) are likely to play an important role in gathering 
such site-specific data and curtailing the costs of REDD+ implementation. 
 While the principle REDD+ objectives of reducing deforestation and forest 
degradation have clear carbon benefits, many of the land-use transitions common 
across Southeast Asia and promoted by carbon forestry projects involve uncertain 
carbon outcomes. Considerably expanded data collection on carbon stocks—particularly 
those below-ground—is needed for all transformed land-covers because existing 
information is inadequate for informed decision-making.  This, however, will require a 














Owing to difficulties associated with measuring root biomass accurately in space and 
time, below-ground root biomass is often calculated indirectly from above-ground 
biomass measurements via general allometric equations. Of concern is that general 
equations may not provide accurate site-specific calculations for accurate carbon stock 
assessments. This review comparing more than 100 root-related studies conducted in SE 
Asia shows highly variable and uncertain below-ground woody carbon (BGC) biomass 
estimates for many vegetation types associated with on-going land-use changes 
throughout the region.  Most BGC data exist for Indonesia, Malaysia, and Thailand; only 
a few studies have been conducted for Brunei, Cambodia, Lao PDR, Myanmar, Papua 
New Guinea, Philippines, Singapore, Timor Leste and Vietnam. While substantial data 
exist for a variety of forests and timber-plantations, little work has focused on key 
transition land-covers including rubber, oil palm, swidden fallows, agroforests, 
grasslands, and croplands.  Mangroves (12-219 Mg C ha-1), peat swamp forests (11-71 
Mg C ha-1) and other forest types (11-74 Mg C ha-1) have the highest BGC values. The 
limited data for rubber plantations (5-32 Mg C ha-1), oil palm plantations (4-22 Mg C ha-
1), swidden fallows (3-16 Mg C ha-1), non-swidden agroforestry (3-16 Mg C ha-1) indicate 
modest differences in the amount of BGC for several land-covers that are at the heart of 
ongoing debates regarding the human and environmental impacts of agricultural 
intensification.  The paucity of data currently in existence for the region highlights the 
need for additional field investigations—following—accepted protocols, of root biomass 
to facilitate efforts to improve carbon stock estimates.  Government agencies, private 





forest carbon database by teaming with researchers to assess total ecosystem carbon 
stocks prior to vegetation being removed for construction, mining, or stand rotations. 
 
Keywords: carbon stocks, land-cover change in the tropics, mangroves, oil palm, peat 
swamp forest, root shoot ratio, rubber plantations, shifting agriculture 
 
4.2. Introduction 
Roots contribute up to half of the carbon cycled annually in forests; and they may 
account for approximately one-third of global annual net primary production (Vogt et 
al., 1996; Jackson et al., 1997).  Coarse roots provide structural support and access to 
deep water (e.g. tap roots), while fine roots absorb water and nutrients from the 
surrounding soils (Jackson et al., 1997; Körner, 1994; Schulze, 1983; Shi et al., 2008). 
Although the two root sizes are functionally different and turnover at different rates, 
they are both important stores of biomass carbon (Clark et al., 2001; Rasse et al., 2005). 
Carbon sequestered in roots during root growth and maintenance is eventually 
transferred to the soil when they turnover or die (Albrecht et al., 2004; 
Chalermchatwilai et al., 2011; Srivastava et al., 1986). As root-derived carbon has a long 
residence time (cf. Abiven et al., 2005; Rasse et al., 2005; Sanaullah et al., 2005), below-
ground woody carbon biomass (BGC) is an important component of the terrestrial 
carbon budget. When soils are tilled, organic matter previously protected from 
microbial action is decomposed rapidly because of changes in water, air, and 
temperature conditions; and the breakdown of soil aggregates accelerates erosion 
(Sundermeier et al., 2012). Erosion, tillage, and other activities that overturn and expose 
the soil can lead to important losses of below-ground carbon. In addition, biomass 





(Quéré et al., 2009).  Much attention is currently focused on reducing the loss of 
terrestrial carbon in both above- and below-ground stores following land-cover 
conversion, particularly in tropical regions (Ziegler et al., 2012). 
 Forest carbon conservation in developing countries is suggested as an effective 
means of reducing greenhouse gas emissions (Stern, 2007). For example, the United 
Nations Framework Convention on Climate Change (UNFCCC) program for Reducing 
Emissions from Deforestation and forest Degradation (REDD+) is designed to 
preserve/increase the storage of terrestrial carbon, meanwhile fostering beneficial 
ecosystem services and promoting human livelihoods (UNFCC, 2010; 2011).  Under 
REDD+, developing countries would receive payments from industrialized nations for 
achieving long-term reductions in deforestation and/or replacing some land-use 
activities with others that sequester more carbon (UNFCC, 2010; 2011). Approximately 
US$4 billion was pledged for REDD+ programs between 2010 and 2012 (Ballesteros et 
al., 2011).  As of September 2013, Southeast Asia hosted a number of early REDD+ type 
projects (Table 4.1): Indonesia (44 projects), Cambodia (four projects), Malaysia (one 
project), Vietnam (seven projects), Thailand (one project), Papua New Guinea (four 
projects), the Philippines (four projects), and Lao PDR (one project). Several countries in 
the region have also started national-level preparations to engage with a future REDD+ 
mechanism (CIFOR, 2011; FCPF, 2011); for example, of the 16 countries globally that 
have established UN-REDD national programs, seven of those are located in the Asia-
Pacific region (Cambodia, Indonesia, Papua New Guinea, the Philippines, Solomon 
Islands, Sri Lanka; Vietnam, UN-REDD Programme, 2009).  
 Ideally, eligibility for financial remuneration by REDD+ requires participating 





important land-cover transitions (Brown, 2002; UNFCCC, 2009). While above-ground 
carbon of various land-covers is frequently measured, and new techniques are emerging 
to make AGC calculations more reliable (cf. Gibbs et al., 2007; Tollefson, 2009), much 
less work has addressed estimating below-ground woody carbon biomass (cf. Mokany et 
al., 2006; Vogt et al., 1996; Ziegler et al., 2012).  In a recent review based on more than 
250 studies, we found great uncertainty in total ecosystem carbon for several major 
land-covers that are related to important land-use transitions in SE Asia (Ziegler et al., 
2012).  Some of this uncertainty stemmed from our calculation of BGC from a limited 
number of root:shoot ratio (RSR) data readily available in the literature. Herein, we 
improve upon these carbon stock estimates by reviewing relevant studies/papers of 
below-ground root biomass from the SE Asia region. In addition to providing a summary 
of BGC estimates and root:shoot ratios for vegetation types that are commonly 
associated with on-going and projected land-cover change, we also assess data 






Table 4.1. Comparison of number of root biomass estimates for eleven land-covers with the number of REDD+ projects in each Southeast Asian 
country and Southern China. 
Country/Class* MAN FOR PF OTP LOF RP OP SF AGF GPS PC REDD+ 
Brunei  1           
Cambodia  10   3 1      4 
China  2 12   9 4      12 
Indonesia 23 5 8 30 13  6 8 10 3  44 
Lao PDR  1          1 
Malaysia  4 18 1 5 3  9 2    1 
Myanmar  1           
Papua New Guinea  1  3        4 
Philippines 4 1  2 1       4 
Singapore  1   1        
Thailand 27 9  5 1 1    4 7 1 
Timor Leste             
Vietnam 55 1  6       1 7 
 
* The eleven land-covers considered are: mangrove (MAN); forest (FOR), peat swamp forest (PF), orchard and tree-plantation (OTP), logged over 
forest (LOF), rubber plantation (RP), oil palm plantation (OP), swidden fallows of any length (SF), non-swidden agroforest (AGF), grassland, 
pasture or shrub land (GPS) and permanent cropland (PC). Data are listed in supplementary table S2; reported values refer to the number of 






4.3. Review of below-ground woody biomass 
The countries considered in this review are Brunei, Cambodia, Southern China, 
Indonesia, Lao PDR, Malaysia (Peninsular and Insular combined), Myanmar, Papua New 
Guinea, the Phillippines, Singapore, Thailand, Timor Leste, and Vietnam. Many of these 
countries are affected by on-going and drastic land-cover conversions, including forest 
conversion to permanent cropping systems and/or plantations (e.g., rubber, oil palm), 
transitions from swidden agriculture (shifting-agriculture) to more permanent 
agriculture types, logging, wetland forest (mangroves, peat swamp forest) degradation 
or conversion, afforestation/reforestation, and abandonment of marginal lands. We 
focused on the following eleven major land-covers related to important land-
cover/land-use (LCLU) transitions now taking place in the region (Fox et al., 2012; Ziegler 
et al., 2012; van Vliet et al., 2012): forest (FOR), logged over forest (LOF), mangrove 
(MAN), peat swamp forest (PF), orchard and tree-plantation (OTP), non-swidden 
agroforest (AGF), rubber plantation (RP), swidden fallows of any length (SF), oil palm 
plantation (OP), grassland, pasture or shrub land (GPS) and permanent cropland (PC).  
For each land-cover, we collated literature-reported estimates of root carbon biomass 
and root:shoot ratios (RSR).  Except for Indonesia (the country with the most data), and 
low end-members Brunei, Laos, and Myanmar (countries with only one forest study), no 
correlation existed between data availability and the number of proposed/ongoing 
REDD+ type projects (Table 4.1).  Some countries with substantial REDD+ activity 
(excluding Indonesia) had limited data—e.g., Vietnam, Papua New Guinea, Cambodia, 
and the Philippines.  
Characteristics of individual land-covers appearing in the 11 categories, and 





Supplementary table S2.  Biomass values for more than 300 sites/plots were found 
throughout the 12 SE Asia countries (Supplementary table S2).  Only a handful of the 
studies reviewed reported carbon values, therefore, most of the BGC values we refer to 
were converted by us from biomass estimates by multiplying by 50% (cf. Smith et al., 
2010). Owing to insufficient data, we were not able to separate land-cover classes 
according to climatic regimes or geographical variables that may have affected plant 
physiology. Because of a lack of standardization of vegetation classification 
nomenclature (cf. Maxwell, 2004), a variety of vegetation types were lumped into some 
common land-cover classes.  For example, forests combined both evergreen and 
deciduous lowland forest types.  In addition savannah forests and ambiguous forest 
types were also placed in this class. We did however separate mangroves and peat 
swamp forests because of their known high soil organic carbon (SOC) contents.  The 
orchard and tree plantations group included a range of timber and fruit-bearing trees: 
e.g., Acacia sp., Eucalyptus sp., teak, cocoa, cinnamon, mango, and longan.  Because of 
insufficient data, we also use a general swidden fallow group, as opposed to splitting 
into short-, medium-, and long-fallow classes (Ziegler et al., 2012).  The permanent 
croplands category included a range of crops, including corn, cassava, and rice. 
 Great variation existed within each category, which often lumped together a 
variety of species, of both young and old ages.  In the sub-sections below, we report our 
strategy for determining ranges of plausible values for below-ground biomass and 
root:shoot ratios.  Basically we excluded cases where values result from the sampling of 
only fine and/or shallow roots, or where very shallow soil depths were sampled.  The 
ranges also exclude outliers associated with very young vegetation that are likely not 





that were extreme compared with the rest of the data. Several values were also 
excluded due to a lack of information on sampling protocols. The final adjusted ranges 
represent the best-available estimates of below-ground woody carbon and root:shoot 
ratios for mature facies of each land-cover group, based on empirical research. We do 
caution that in some site-specific instances the true carbon stock values could be 
outside our summary ranges.  For both variables we report median and mean values 
that may be useful for preliminary estimates of BGC.  These values are not true 
mathematical medians and means, as they are determined from the entire population 
of minimum, maximum, mean, and median values in adjusted ranges.  In addition, we 
report the midpoints values of each range. We also compute RSRs by examining 
scatterplots of AGC versus BGC (Figure 4.2).    
 
4.3.1. Mangrove Forest 
More below-ground biomass data were available for mangroves than any other land-
cover in the region (Table 4.1): 115 values were determined for sites/plots mostly 
located in Vietnam (55), Thailand (27), and Indonesia (23).   Biomass data were reported 
for a range of species, as well as a range of ages (e.g., from 1-year to mature stands).  
The BGC values had the highest range of all land-covers, as well as the highest values: < 
1 to 255 Mg C ha-1 (Figure 4.1a; Supplementary table S2). Most of the low values (< 6 Mg 
C ha-1) were associated with stands < 8 years of age.  Some low outliers were 
determined solely from soil cores.  The highest BGC values (> 200 Mg C ha-1) were 
attributed to the mangroves in Ranong, Thailand. In their assessment, Komiyama et al 
(1987) considered several root classes (from < 2mm to > 50 mm), and estimated 





published allometric equations. Several BGC values at these sites are > 110 Mg C ha-1, 
higher than the maximum BGC values associated in most other locations.  Despite the 
extensive work performed in the biomass calculations at the Ranong site (trench 
excavations), we considered the highest value as an outlier.  Therefore, our adjusted 
range of BGC values for mangroves is 12-219 Mg C ha-1 (Figure 4.1a).  The reported 
range of RSR was 0.02-5.60 (Supplementary table S2).  The high value was for a high 
intertidal zone inhabited by 3 year old Ceriops decandra (Griff) Ding Hou. The unusually 
high RSR was due to the inclusion of dead roots (Alongi and Dixon, 2000). In most places 
RSR did not exceed 0.55. Our adjusted range of RSRs for this land-cover class is 0.11-
0.95, for which the median and midpoints are 0.40 and 0.53, respectively (Table 4.2; 
Figure 4.1b).  The RSR derived from fitting a line through the AGC and BGC data is 0.40 










Figure 4.1. (a) Summary of root carbon biomass values derived from the review 
studies/papers (Supplementary table S2, values < 0.5 Mg C ha-1 excluded). (b) Summary 
of reported and derived root:shoot ratios (Supplementary table S2; values < 0.02 
excluded). The eleven land-covers considered are: mangrove (MAN); forest (FOR), peat 
swamp forest (PEAT), orchard and tree-plantation (OTP), logged over forest (LOF), 
rubber plantation (RP), oil palm plantation (OP), swidden fallows of any length (SF), non-
swidden agroforest (AGF), grassland, pasture or shrub land (GPS) and permanent 
cropland (PC).The thick line indicates an adjusted range of values after the removal of 






Figure 4.2. Plots of above-ground carbon biomass (AGC) versus below-ground carbon 
biomass (BGC), derived from the biomass data reviewed in this study for 11 land-covers 
in 12 SE Asian countries.  The fitted lines represent an estimate of the root:shoot ratio 
(RSR) for each land-cover (reported in Table 4.2).  The data are only those from the 
adjusted ranges. The eleven land-covers considered are: mangrove (MAN); forest (FOR), 
peat swamp forest (PF), orchard and tree-plantation (OTP), logged over forest (LOF), 
rubber plantation (RP), oil palm plantation (OP), swidden fallows of any length (SF), non-






Table 4.2. Below-ground carbon (BGC) and root:shoot ratio (RSR) values for the 11 land-
covers considered in this review (with outliers removed). 
  MAN FOR  PEAT OTP LOF RP OP SF AGF GPS PC 
BGC (Mg/ha)                       
min 12 11 11 5 5 5 4 3 3 2 1 
max 219 74 71 33 26 32 22 16 16 4 5 
median 36 25 25 9 12 14 7 5 6 3 3 
mean 49 27 28 11 12 16 8 7 7 3 3 
midpoint 115 42 41 19 16 18 13 9 10 3 3 
                        
RSR                       
min 0.11 0.08 0.08 0.11 0.09 0.10 0.18 0.12 0.25 0.48 0.26 
max 0.95 0.35 0.23 0.39 0.33 0.30 0.41 0.36 0.49 1.92 0.31 
median 0.40 0.17 0.14 0.21 0.18 0.20 0.22 0.25 0.36 1.11 0.30 
midpoint 0.53 0.22 0.16 0.25 0.21 0.20 0.30 0.24 0.37 1.20 0.29 
graph-derived 0.40 0.18 0.17 0.23 0.16 0.20 0.30 0.26 0.33 0.78 0.30 
 
The eleven land-covers considered are: mangrove (MAN); forest (FOR), peat swamp 
forest (PEAT), orchard and tree-plantation (OTP), logged over forest (LOF), rubber 
plantation (RP), oil palm plantation (OP), swidden fallows of any length (SF), non-
swidden agroforest (AGF), grassland, pasture or shrub land (GPS) and permanent 
cropland (PC). 
The minimum and maximum values represent a plausible range that excludes potential 
outliers (Figure 4.1).  The median, mean, and midpoint values were calculated from the 
adjusted range; the graph-derived values for the root:shoot ratios are derived from the 
linear regression equations shown in Figure 4.2. 
 
4.3.2. Forest 
Of the approximately 61 BGC values for forests, most were determined from biomass 
estimates made in Malaysia (18), Southern China (12), Cambodia (10), and Thailand (9).  
Forest BGC values ranged from 1-90 Mg C ha-1 (Supplementary table S2). The highest 
forest value was associated with a lowland evergreen rainforest in Sabah, Malaysia, for 
which coarse roots (> 20 mm) were sampled (Sim and Nykvist, 1990). The next highest 
BGC values (74 Mg C ha-1) were based on allometric equations determined from root 





Across all sites, many values were determined from published allometric equations (i.e., 
not determined from in situ measurements).  Most of the low outliers we excluded in 
this class were determined in studies that only considered fine roots.  In other cases we 
excluded values for which we could not assess the sampling protocol.  Thus, from the 
range of original values, we identify the adjusted range of BGC for this class to be 11-74 
Mg C ha-1 (Figure 4.1a).  The corresponding range for RSRs was 0.08-0.35 (Table 4.2, 
Figure 4.1b). In comparison, summary studies for the tropics report RSR ranges of 0.09 
to 0.34 (Cairns et al., 1997; GOFC-GOLD, 2009; Jackson et al., 1996).   The median for 
this range is 0.17; and the midpoint is 0.22. From Figure 4.2, the graph-derived RSR is 
0.18.   
 
4.3.3. Peat swamp forest 
Peat swamp forest BGC ranged from 3-71 Mg C ha-1, for nine sites/plots in Indonesia and 
Malaysia (Supplementary table S2).  A minimum BGC value of 2.8 Mg C ha-1 was 
determined from small and fine roots via metal coring tubes in 3-m peat deposits in 
Sumatra (Brady, 1997).  The highest BGC value (71 Mg C ha-1) was determined similarly 
for 12-m peat deposits (Brady, 1997). The minimum value at the site was 15 Mg C ha-1, 
demonstrating great variability. The BGC values associated with the lone Malaysian 
study in Sarawak allowed for a comparatively high range of values (29-45 Mg C ha-1), for 
which the biomass estimates were derived from a published allometric equation (cf. 
Verwer and van der Meer, 2010; van der Meer and Verwer, 2011).   Our adjusted range 
for this class is 11-71 Mg C ha-1 (Figure 4.1a). This range is slightly lower than the general 
forest category, despite these forests having thick organic layers and high soil organic 





al., 2012).  From the original range of 0.06 to 0.23 we determined an adjusted range of 
0.08-0.23. The median of the handful of values in this range is 0.14; and the midpoint is 
0.16 (Table 4.2; Figure 4.1b). Based on the comparison of AGC and BGC, our graph 
derived estimate of RSR is 0.17. The low value for peat swamp forests could be due to 
limited research on this land-cover. 
 
4.3.4. Other tree plantation 
Other tree plantation BGC values range from 1-49 Mg C ha-1 (Supplementary table S2). 
The lowest values were associated with young plantations, including Acacia sp. and 
cashew, in Indonesia and Malaysia. Values < 3 Mg C ha-1 were determined with 
established root:shoot ratios for longan and mixed fruit plantations in Vietnam (Zemek, 
2009). The highest BGC value was determined for mature (17-22 years) teak plantations 
in northern Thailand (Hiratsuka et al., 2005)—but the site had a very high RSR of 1.11. 
Only two other BGC values exceeded 20 Mg C ha-1. They were associated with a 
coconut-cassava plantation (20 Mg C ha-1) and a mixed orchard in the Khlong Yai sub-
watershed in Thailand (24 Mg C ha-1). For both, an arbitrary root:shoot ratio of 30% was 
applied (Gnanavelrajah et al., 2008). Only a handful of the studies performed sampling 
to measure root biomass in situ (e.g., Nykvist et al., 1996; Yamada et al., 2000a; 
Miyakuni et al., 2004; Hiratsuka et al., 2005; Syahrinudin, 2005; Heriansyah et al., 2007). 
From the original range, we determine an adjusted range of 5-33 Mg C ha-1 (Table 4.2; 
Figure 4.1a).  Root:shoot ratios for this class ranged from 0.07 to 1.11 (Supplementary 
table S2).  Again, the high value was for a mature teak plantation in Thailand (Hiratsuka 
et al 2005). Both the second highest value (0.57) and the lowest value was determined 





removing outliers, we derive an adjusted range of 0.11 to 0.39. The high end of this 
range is associated with 10-year cashew and 9-year cocoa plantations.  The median and 
midpoint of our adjusted range was 0.21 and 0.25 (Table 4.2; Figure 4.1b).  The graph-
derived value is 0.23 (from Figure 4.2). 
 
4.3.5. Logged-over forest 
Data existed in seven countries from which the range for BGC could be estimated for 
logged-over forests (Table 4.1): 1 to 33 Mg C ha-1 (Supplementary table S2).  The low 
value was for a disturbed forest in Sulawesi (Leuschner et al., 2009; Leuschner et al., 
2006; Harteveld et al., 2007); and the high value was associated with an artificial tropical 
forest in Xishuangbanna, China (Tang et al., 2003).  The former study investigated fine 
roots < 2 mm; the later study excavated the roots of all forest plants. The next highest 
BGC values, 26 and 22 Mg C ha-1, were from a secondary forest in Singapore (Ngo et al., 
2013) and a logged dipterocarp forest in Sabah (Pinard and Putz, 1996). Both studies 
used direct sampling methods. At the low end, BGC values of 4-5 Mg C ha-1 were 
associated with secondary forests at least 5-10 years of age in some sites in 
Xishuangbanna, China (Shi et al, 2001; Tang et al., 1998).  Thus, we selected the value of 
5 Mg C ha-1 for the low end of our adjusted range of 5-26 Mg C ha-1 (Figure 4.1a).  Most 
studies including both fine and coarse roots tended to yield RSRs ranging from 0.09 to 
0.33; and we adopt this as our adjusted range (Table 4.2; Figure 4.1b). The median and 
midpoint of this range of values are 0.18 and 0.21, respectively.  The graph-derived RSR 






4.3.6. Rubber Plantation 
Below-ground biomass data for rubber plantations existed for only six sites in Cambodia, 
China, and Thailand (Table 4.1). In Thailand, a BGC value of 31 Mg C ha-1 was associated 
with determinations made from above-ground biomass using an arbitrary root:shoot 
ratio of 30% (Gnanavelrajah et al., 2008).  Through sampling, BGC values ranging from 5-
32 Mg C ha-1 were derived for three rubber clones of stand ages 10-50 years (Mizoue et 
al., 2009).  Cheng et al. (2007) performed field sampling in a 30-year-old rubber stand on 
Hainan Island (China), leading to BGC estimates of 17 Mg C ha-1. Obtained by excavation 
of coarse and small roots, the biomass values of Tang et al. (2009) suggest BGC ranges of 
7-13 Mg C ha-1 and 13-16 Mg C ha-1 for rubber stands 13-19 and 25-47 years, 
respectively.  From these data we identify an adjusted range of 5-32 Mg C ha-1 (Figure 
4.1a). The corresponding adjusted range for RSR is 0.10-0.30, for which the midpoint, 
median, and graph-derived values are all 0.20.   
 
4.3.7. Oil Palm Plantation 
A narrow range of low oil palm BGC values could be estimated for 15 plots/sites in 
Malaysia and Indonesia (Supplementary table S2: 2-22 Mg C ha-1.  The maximum value 
was based on field sampling (cores to 5-m depth, excavation of the trunk) in a 30-year-
old plantation in Sumatra (Syahrinudin, 2005).  The lowest values were determined in a 
50-cm soil pit in peat soil (> 1 m) in Sumatra, for coarse, live and dead roots (Persch et 
al., 2011). Several values ranging from 3-8 Mg C ha-1 were associated with several 
plantations 9-16 years of age (Henson and Chai, 1997; Henson and Dolmat, 2003). From 
these data we identify an adjusted range of 4-22 Mg C ha-1 for mature oil palm (Figure 





S2). Several sites in Malaysia occupied the low end of this range: 0.18-0.19 for 16-23 
year-old oil palm in Johor and Perak (Khalid et al., 1999; Henson and Dolmat, 2003).  
High values ranging from 0.39 to 0.41 were determined for stands in both Malaysia and 
Indonesia (Henson and Chai, 1997); Syahrinudin, 2005).  Here we use the original range 
of 0.18 to 0.41 (Table 4.2; Figure 4.1b).  The median and midpoints are 0.22 and 0.30.  
Plots of AGC and BGC suggest a RSR of 0.30 (Figure 4.2). 
 
4.3.8. Swidden Fallow 
Swidden fallows BGC values ranged from 3-16 Mg C ha-1 for 10 site/plots in China, 
Indonesia, and Malaysia (Supplementary table S2).  Trends were not straightforward in 
this category, which included young, intermediate, and long fallows.  For example, the 
lowest value 3 Mg C ha-1 associated with a 12.5-year secondary forest, was similar to 
that of much younger (1-3 years) sites in central Kalimantan: BGC = 3 versus 3-4 Mg C 
ha-1 (Koopmans and Andriesse, 1982 in Kenzo et al., 2010; Brearley, 2011).  The highest 
BGC value (16 Mg C ha-1) was for a 6-year bamboo site in west Java (Christanty et al., 
(1996).  We adopt the original minimums and maximums to define the range (Figure 
4.1a): 3-16 Mg C ha-1.  The swidden fallow root:shoot ratio values ranged from 0.12-1.86 
(Table 4.2).  The highest RSR for was elevated by the presence of bamboo—a grass that 
is sometimes found in swidden fallows (Christanty et al., 1996; Nikolic et al., 2008; 
Rerkasem et al., 2009; Schmidt-Vogt, 2001). Another site in Indonesia with bamboo had 
a RSR value of 0.69 (Christany et al., 1996). The low value in the range (0.12) was 
associated with the 12.5 year-old secondary forest in Sarawak. We consider a realistic 
range for this category is 0.12 to 0.36, unless it contains bamboo and could be greater 





midpoint is 0.24.  The plot of AGC versus BGC shows much scatter, but the patterns 
support a value of 0.26. Here we recognize that BGC of certain fallows may in some 
cases be more accurately represented by the range of values for other groups: e.g., GPS 
(for short fallows), LOF (for long fallows).  In this case the values could either be higher 
or lower.  We also emphasize again that the presence of bamboo will elevate both BGC 
and the RSR. 
 
4.3.9. Agro-forestry 
All ten non-swidden agroforestry BGC values originate from Indonesia; and they ranged 
from 0.04-16 Mg C ha-1 (Table 4.1, Supplementary table S2). The lowest values were 
associated with the first year of cropping of bamboo talun-kebun agroforestry system 
(Christanty et al., 1996).  The highest (16 Mg C ha-1) was reported for a Javanese home 
garden, featuring trees, mixed annuals and shrubs (Jensen, 1993). Values for other 
mature land-covers had BGC values of 7-9 Mg C ha-1 (Roshetko et al., 2002; Smiley and 
Kroschel, 2008).  In general there were few land-covers with mature trees in this group, 
thus the high value of our adjusted range of 3-16 Mg C ha-1 may be low (Figure 4.1a).  
The derived RSRs for the reviewed studies ranged from 0.01-2.15. Both the lowest and 
highest values were determined for crops planted along with bamboo in a Talun-Kebun 
agroforestry system in West Java (Christanty et al., 1996).  If we eliminate these 
extremes, the range of values reported elsewhere was 0.25-0.49 (Table 4.2; Figure 
4.1b). The corresponding median for this range is 0.36; and the midpoint is 0.37.  The 
plots of AGC and BGC suggest a RSR value of 0.33 (despite one obvious outlier; Figure 






4.3.10. Grassland, pasture, and shrub land 
Grasslands BGC could be derived for five sites/plots in Thailand and Indonesia.  Values 
ranged from 1-4 Mg C ha-1 (Supplementary table S2).  The highest value was for 
Imperata grasslands in East Kalimantan in Indonesia (Syahrinudin, 2005).  The low value 
was for shrubs in Sumatra (Solichin et al., 2011); for which, the original biomass values 
were determined from the allometric equation from Cairns et al. (1997). Values in 
Thailand (2-3 Mg C ha-1) were associated with unburned, semi-natural humid grasslands. 
These biomass data were determined via soil cores (5 cm diameter) taken down to a 
depth of only 15 cm (Kamnalrut and Evenson, 1992). These limited data support an 
adjusted range of 2-4 Mg C ha-1 (Figure 4.1a), for which the corresponding adjusted RSR 
range is 0.48-1.92.  The median and midpoints for RSR are 1.11 and 1.20.  The graph-
derived estimate of the RSR is 0.78. We note that the RSR could be either very low or 
very high for this diverse land-cover category, depending on the species composition of 
the land-cover—however, too few data exist to make an accurate assessment. 
 
4.3.11. Permanent cropland 
Eight values of BGC for permanent crops could be derived from two locations in 
Thailand and one in Vietnam (range = 1-5 Mg C ha-1; Supplementary table S2).  Of these, 
only the value (2 Mg C ha-1) from a mixed agriculture site in northern Thailand was 
based on in situ sampling (Pibumrung et al., 2008).  While this site included a mixture of 
rice paddy, corn fields, fallows, and orchards, we have chosen to include them in this 
vegetation class, rather than AGF. The lone site in Vietnam had a BGC value of 1 for a 
banana plantation (Zemek, 2009). Most of the BGC values of the PC class were 





ratio of 30% by Gnanavelrajah et al., (2008). The highest value (5 Mg C ha-1) was 
associated with sugar cane.  These limited data support a BGC range of 1-5 Mg C ha-1 
(Figure 4.1a). Again, seven of the eight RSR values associated with permanent 
agriculture (0.26-0.31) were literature values used to calculate below-ground biomass. 
The only value determined by sampling (0.31) was associated with a mixed agriculture 
site in northern Thailand (Pibumrung et al., 2008).  Thus, we use the original range of 
0.26-0.31 for the RSRs in this class.  The median is 0.30; the midpoint, 0.29.  The plots in 
Figure 4.2 suggest a value of about 0.30, but this is an artifact of nearly all the AGC and 
BGC values being derived from RSRs, not field sampling.   
 
 
4.4. Data limitations and uncertainty 
We considered all reported data in our effort to develop plausible ranges of below-
ground carbon and root:shoot ratios, despite potential flaws and differences in 
collection methods. In order to increase the pool of available BGC data, we have 
included studies that were undertaken for a variety of purposes, not solely biomass 
estimations.  Adjusting the ranges by eliminating distinct outliers, in part, addresses the 
issue of underestimating total root biomass by some studies. Admittedly, the minimum 
values for many of the ranges still do appear too low for mature stands.  If this is the 
case, using the medians, means, or range midpoints as a typical value for a particular 
class would also be low. The high frequency of use of general allometric equations—
including root:shoot ratios—is of concern for generating this summary because these 
data may not be truly representative of mature vegetation at the particular study site.  
Amalgamating land-covers that contain myriad different plant species into the various 





important source of uncertainty was the non-standardization of sampling methods. 
Here we discuss some of the limitations we encountered during the review. 
The methods employed in any one case often depended on geographical 
variables affecting accessibility, as well as the type of vegetation considered.  In general, 
soil cores were used for determining fine root biomass; and published allometric 
equations were often used to determine total root biomass (fine + coarse roots).  The 
most popular method applied in forests was allometric relationships, followed by soil 
cores, soil pits and root excavation. Similarly, BGC from orchards, tree and rubber 
plantations were mostly derived from indirect methods, whereas biomass data from 
logged forest, oil palm, agroforest, peat swamp forest, swidden fallows and grasslands 
were determined largely from direct methods such as cores and pits. The few available 
permanent crop BGC data were determined from indirect methods; all but one was 
determined by root:shoot ratios. Mangrove values were determined from a fairly equal 
mix of direct and indirect methods.  Again, of concern was the dependence on pre-
existing allometric relationships rather than the determination of new site-specific ones 
(eg. Komiyama et al., 2005). Granted, it is extremely difficult to perform destructive 
sampling to make these determinations, but the point we are making is that failing to do 
so introduces uncertainty in the determination of below-ground biomass and the 
associated carbon. 
Soil coring was a popular method that provided estimates for small localized 
points (Komiyama et al., 2000; Oliveira et al., 2000).  A general limitation with coring is 
that sampling of coarse roots with small cores is practically impossible. It is also difficult 
to obtain samples near the base of the tree where root density may be highest. Soil 





Park et al., 2007). For both coring and excavation methods, samples are also difficult to 
extract in wet, sandy soils or stony soils. Total root excavation is the best method for 
measuring large and deep vertical roots; however, very deep tap roots extending down 
many meters and/or anchored into bedrock are often not sampled sufficiently. 
Nevertheless, roots will inevitably be lost during the excavation process due to 
accidental breakage. The great need for manpower and/or machinery to facilitate root 
removal is likely one of the reasons that only about 10% of the data were derived from 
root extraction methods. 
 Studies using multiple methods arguably provide more accurate biomass 
estimates.  Pinard and Putz (1996), for example, used soil monoliths (pits) to study 
coarse roots (> 5 mm diameter) and soil cores to measure fine roots (< 5 mm diameter) 
in logged over forests in Sabah, Malaysia. Sim and Nykvist (1990) combined results from 
two different methods to derive a single carbon biomass value for coarse roots > 20 mm 
in a lowland evergreen forest. Specifically, roots were cut 3 cm from a central stump for 
trees with a DBH > 19 cm. For smaller trees, 50 x 50 x 50 cm sample pits were excavated 
to study the root systems in detail. Elsewhere, Nguyen et al. (2009) collected soil cores 
and soil blocks to quantify below-ground root carbon in mangroves. With these 
exceptions, most studies use only one direct method (i.e. cores, pits or root excavation) 
to quantify coarse or fine root biomass, thereby failing to counterbalance the 
shortcomings of any one method (cf. Hertel et al., 2009; Kitayama and Aiba, 2002; 
Hendricks et al., 2006; Leuscher et al., 2009).  The importance of choosing the one 
method over another was demonstrated by Park et al. (2007), who found that fine root 





Root biomass estimates in the reviewed studies included either or both fine and 
coarse roots, but there was no standardization for separating the two. In general, two-
to-five millimeters was commonly used, although it varied with vegetation type (Kenzo 
et al., 2010; Pinard and Putz, 1996; Stokes et al., 2009; Zobel, 2005). Arguably, roots 
should be defined based on functionality, but the lack of knowledge of root ontogeny 
and morphology often prevents this (Pierret et al., 2005). Some studies defined root 
vitality classes by either visual or physical criteria, including color, tensile strength, 
flexibility, and chemistry. However, classification of roots into live, dead, or unknown 
classes was inconsistent.  Lastly, the definition of what constituted root biomass varied, 
with some researchers combining shrub and herb root biomass together with that of 
trees. Others calculated only the biomass of the primary species (e.g., trees in a forest 
association).  Again, we point out that the motivation of the reviewed studies was not 
always for biomass determinations. 
 Although, rarely mentioned, processing errors may produce underestimates 
when roots are sampled directly. Root breakage and loss—particularly of fine roots—
inevitably occurs during sampling or washing (Clark et al., 2001; Subedi et al., 2006). The 
amount of care and time spent to extract roots from soils is often a key determinant in 
influencing root recoveries (Pierret et al., 2005). Also, there was no standardized or best 
way to recover roots from soils – some studies separated the roots by hand (eg. Ngo et 
al., 2013) while others washed roots through various size sieves (range: 65 µm to 5 mm) 
(cf. Syahrinudin, 2005; Pibumrung et al., 2008). Floatation was also suggested (Oliveira 
et al., 2000). For the floatation method, small roots may remain stuck to clayey soil 





processing may result in root death or loss of dry weight via decomposition, thereby 
affecting the root biomass estimates (Oliveira et al., 2000). 
Many of the case studies we reviewed arguably sampled too small an area to 
capture the spatial resolution of BGC in the stand. For example, the number of 
replicates in the reviewed studies for forest ranged from 2 cores within a 30-60 ha plot 
(Pinard and Putz, 1996) to 160 cores within one 8-ha landform unit (Pibumrung et al., 
2008).  Figure 4.3a shows the great variability in root biomass at depths down to 1 m for 
four replicate cores collected in a secondary forest. In addition, root biomass estimated 
within the upper 2 m of two duplicate soil pits in the same secondary forest differed by 
almost three-fold (7 versus 18 Mg C ha-1; Figure 4.3b).  These examples demonstrate the 
need for sufficient sample replicates to capture the spatial variability.  With respect to 
temporal variability, most of the reviewed studies were one-time snapshots, without 
replication.  Thus, seasonal, environmental and age-related variations in root biomass 
were not captured.  In addition, few of the studies sampled below one meter, despite 
evidence that rooting depths of tropical trees, shrubs and herbaceous plants can reach 
or exceed depths of 7.0, 5.0 and 2.5 m respectively (Canadell et al., 2006).   The 
importance of deep sampling is demonstrated in Figure 4.3b: 10-20% of the total root 
biomass, mostly fine roots, occurred below the depth of 1 m in bamboo and secondary 
evergreen forests (Figure 4.3).   
 Finally, using different means of deriving carbon fractions adds to uncertainty. 
Most biomass carbon values were calculated as one-half measured root biomass.  In 
cases where carbon content was determined analytically (e.g, with carbon-nitrogen 





(cf. Brearley, 2011; Hertel et al., 2009, 2009b; Kenzo et al., 2010; Leuschner et al., 2009; 
Pimbumrung et al., 2008).  
 
Figure 4.3. (a) Variation in root biomass with depth in a secondary forest in northern 
Thailand; (b) Comparison of cumulative percentage of total root biomass in the upper 2 
m of soil in three different forest types in northern Thailand; note how that replicates in 
different soil pits of the evergreen forest show very different results. These data are 
based on a demonstration study at the Pong Khrai Royal Forest Department Research 
station, located in Mae Sa Catchment, Chiang Mai, Thailand (18⁰54 N and 098⁰48E).  In 
July 2013, we excavated tree roots from alive, newly toppled trees. Within a 50 x 50 m 
plot in a dry secondary evergreen forest, roots were extracted in several locations via 
augering vertically in 15 cm increments to a depth of 1 m. The 15-cm core was 
separated into three 5-cm sub-cores (internal diameter 4.8 cm). In addition, 2-m soil pits 





samples were then collected with a 5-cm core, at 10-cm increments down to 2 m. Roots 
were then separated from the soils by manual sorting, followed by washing and oven 
drying at 65⁰C for 24 hours. Finally, the masses of coarse (> 2 mm) and fines (< 2 mm) 
were determined. 
 
These limitations, which were not always clearly elaborated upon in the 
reviewed case studies, contribute uncertainty in the BGC and the RSRs we identify for 
each land-cover.  Specifically, the sampling related limitations/difficulties complicate the 
development of accurate allometric relationships for estimating BGC from AGC. Caution 
is needed when using generalized relationships because they may not be representative 
of the characteristics of any one specific study plot, especially in heterogenous facies 
(Chave et al., 2005; Komiyama et al., 2008).  Rarely can the wealth of below-ground 
biomass for all vegetation be calculated from tree-based allometric relationships. In 
comparsion, the use of indirect methods in homogeneous landscapes, such as tree-
based rubber and oil palm plantations, may be more reliable.  However, one must also 
consider that allometric relationships may change with the age of vegetation and 
changing resource availability (Hütsch et al., 2002; Laclau, 2003; Shipley and Meziane, 
2002; van Noordwijk et al., 2004; Wilson, 1998).  
 
4.5. Total vegetation carbon stocks 
The ranges of BGC we have determined for some land-covers are slightly different from 
those we reported in the prior review of total ecosystem carbon (Ziegler et al., 2012), 
particularly, those for grasslands and non-swidden agroforest categories.  Again, partial 
motivation of this review was to improve upon our prior assessment of carbon stock 
changes related to land-cover conversion. In our new estimation of TEC changes (Table 





the prior assessment (Ziegler et al., 2012). The AGC values for mangrove and peat 
swamp forests were determined from new data presented in Supplementary table S2, 
for which obvious outliers were removed (as per Ziegler et al., 2012).  
The mangrove and peat swamp forest calculations were complicated because 
soil profiles for these vegetation types can have very high organic contents extending 
down several meters.   We estimate the range of SOC for mangrove forests and peat 
swamp forest as 225-675 Mg C ha-1 and 537-1612 Mg C ha-1, respectively.  These values 
are estimates for a soil profile 2 m deep, in agreement with the idealized soil profiles for 
which the other land-cover SOC values are estimated (described in detail in Ziegler et al., 
2012).  The mangrove value is estimated as 3-fold that of forest—an assumption based 
on the data of Donato et al. (2012) showing mangrove SOC ranging from 13-15%, 
compared with values for upland soils that ranging from 0.4-5.5%.  For the peat swamp 
forest, the maximum value of 1612 Mg C ha-1 (for 2 m) is within the range of 1425 Mg C 
ha-1 (2.67 m depth) to 7889 Mg C ha-1 (12.07 m depth) reported by Warren et al. (2012). 
It is estimated by a linear regression equation, determined by fitting the data in that 
study: 412.85 * 2 (m depth) + 786.41 (R2 = 0.85; n =10).  The minimum peat swamp 
forest SOC value is about 2.4-fold that of the mangrove minimum (based on ratio of 









Table 4.3.  Estimated ranges of above-ground carbon, below-ground carbon in the roots, 
soil organic carbon (upper 2 m), and total ecosystem carbon (ACG + BGC + SOC) for the 
several important vegetation types involved in on-going and projected land-cover 
conversions in SE Asia. 
 
  AGC   BGC      SOC     TEC   



























































































PC 2 15   1 5   53 158   56 178 
 
The eleven land-covers considered are: mangrove (MAN); forest (FOR), peat swamp 
forest (PEAT), orchard and tree-plantation (OTP), logged over forest (LOF), rubber 
plantation (RP), oil palm plantation (OP), swidden fallows of any length (SF), non-
swidden agroforest (AGF), grassland, pasture or shrub land (GPS) and permanent 
cropland (PC). 
 
 The rationale of these new TEC estimates is to explore the plausible impacts of 
changes from one land-cover to another in the region.  Such comparisons are often the 
starting points in any proposal related to REDD+ or other carbon accounting endeavors.  
Ideally such studies would collect site-specific data, but this is not always the case. In 
absence of other more detailed data, it is evident from the values in Table 4.3 that 
conversion among several land-covers could result in ambiguous outcomes in carbon 
stocks. The improved estimates of BGC give us more confidence in claiming that many 





neutral carbon outcomes: e.g. (a) transitions between short-fallow swidden systems and 
permanent croplands; (b) land-cover changes between/among long-fallow swidden, 
other agroforestry systems, and possibly rubber; and (c) land-cover changes 
between/among intermediate-fallow swiddening, grasslands, pastures, shrub land, and 
oil palm plantations. These uncertainties are important to stress because many of these 
transitions are currently at the heart of REDD+ debates (cf. Ziegler et al., 2012).  Also 
apparent in the estimates is the importance of forests, particularly peat and mangrove 
forests, as carbon sinks (cf. Donato et al., 2012).  Conversions of these land-covers 
almost invariably results in losses of carbon stocks. 
 
4.6. Towards a better carbon database 
Our analysis revealed that careful attention should be given to sampling to appropriate 
depths, obtaining sufficient replicates, and using appropriate sampling intervals to 
capture accurately heterogeneous root distribution, both vertically and laterally (cf. 
Moore and McCabe, 1999). Detailed information should also be presented to provide 
clarity and aid in interpretations. When applicable, roots should not be amalgamated 
into a single category, but partitioned into live and dead roots. Information on the 
distribution of root lengths and depths for species should also be recorded. Where 
indirect methods are to be used, information should be validated against direct 
methods as a form of quality control. In most cases, multiple methods should be used to 
substantiate common calculations and provide the most accurate calculation for 
particular root types (e.g., coarse versus fine).  Long-term sampling to account for 
temporal variability in root dynamics at a given site should be considered. In general, 





uses.  These observations are in general agreement with published outlines of 
appropriate sampling protocols for determining BGC accurately (Vogt et al., 1998; 
Oliveira et al., 2000; Qureshi et al., 2012). 
 In most cases, the use of general allometric equations or RSRs is not as desirable 
as using one determined specifically for a location (cf. Chave et al., 2005; Kauffman and 
Donato, 2012).  An important shortcoming of deriving such equations is that below-
ground biomass components must be determined from direct sampling using 
destructive methods (Chave et al., 2004; Levillain et al., 2011; Mokany et al., 2006). 
Destructive sampling in forests, logging concessions, orchards, and plantations, 
however, is often not possible.  In the latter three cases, root biomass determinations 
can be conducted between rotations. This would require researchers to develop 
working relationships with loggers and plantation owners (Laclau, 2003).  Research in 
natural forests is complicated because most now fall under the protection or jurisdiction 
of government forest and/or conservation departments.  Government conservation 
agencies should therefore be drawn into the forest carbon documentation process, 
whereby opportunistic events can be used to bolster the forest carbon inventory. One 
means of generating new data on protected trees is to align research with planned 
construction projects.  In most countries road network, power line, and rural expansion 
requires the removal of trees for which limited or no BGC data exist. Allowing 
researchers to extract trees prior to removal would provide an avenue to bolster the 
forest carbon database. Likewise, partnerships with the mining industry to allow 







Uncertainty in below-ground root carbon stocks for eleven major land-covers in twelve 
countries across SE Asia results in part from the limited amount of research that has 
been conducted to date and methodological inconsistencies between existing studies. 
Limited data exists for rubber and oil palm despite their importance as cash-generating 
crops in the region (Edwards et al., 2012; Fox et al., 2012; Koh and Wilcove, 2008; 
Ziegler et al., 2009; Ziegler et al., 2012). Furthermore, the paucity of data for swidden 
fallows is surprising given the historical criminalization of slash-and-burn agriculture and 
the uncertain role of this land-cover in the future (cf. Mertz, 2009; Ziegler et al., 2011, 
2012).  The paucity of data strengthens our claim that great uncertainty exists with 
regard to carbon outcomes of transitions between many land-covers. One implication of 
this uncertainty for policy-making is that reliable estimates of how any land-use changes 
will affect below-ground root carbon simply cannot be made with existing (published) 
above- or below-ground review data (Ziegler et al., 2012).  Some land-cover transitions 
are less affected by uncertainty: e.g., transitions to/from mature forests and other tree-
based plantations to low biomass crops.  However, the outcomes of changes in below-
ground carbon regarding many non-forest changes are ambiguous. Furthermore, the 
time scale over which the BGC is lost to the atmosphere is very poorly understood. Root 
biomass may persist for decades, but breakdown rates and the fate of the root carbon 
are rarely studied. 
New carbon stock assessment programs must include complementary site-
specific, direct measurements of both above- and below-ground carbon.  Unfortunately, 
new BGC measurements will require using destructive methods that quantify all 





allometric relationships already determined for the region may not provide reliable 
estimates, although the inclusion of data determined outside SE Asia may be useful.  
Government agencies, private enterprises, and development agencies could play a role 
in developing a better forest carbon database by teaming with researchers to assess 
AGC and BGC prior to trees being removed for construction (road, dam, power lines), 
mining, or stand rotations (forestry, plantations). Achieving greater certainty in 
terrestrial carbon stock, while challenging, will allow improved assessments of stock 
losses associated with the rapid landscape changes now taking place in the region.  This 
is particularly true at forest frontier areas where rapid conversion from traditional land-
covers to high value plantations (oil palm, rubber) is occurring at unprecedented rates 















Chapter 5. Review of allometric equations for major land-covers in SE Asia: 
Uncertainty and implications for above- and below-ground biomass carbon estimates 
 
Yuen J.Q. and Ziegler A.D. 
Status: In preparation 
5.1. Abstract 
Our review of biomass studies conducted in SE Asia revealed 276 above-ground and 98 
below-ground biomass allometric equations for 12 major land-covers in the region. The 
popularity and convenience of applying published allometric equations, often 
inappropriately for a number of reasons, is a key source of uncertainty in estimating 
above- and below-ground carbon stocks in SE Asian landscapes. Differences in 
environmental conditions and vegetation characteristics should preclude the use of 
many published equations at locations outside of where they were developed. 
Therefore, inclusion of such equations in many assessments of biomass and carbon 
changes following land-cover conversion creates uncertainties in the estimate. While 
use of site-specific equations is preferred, there are few in existence for many land-
covers and in many geographical areas of the region.  Even site-specific equations can 
introduce uncertainties to biomass estimates if they were determined from an 
insufficient sample size (via destructive sampling). Further, the difficulties associated 
with sampling below-ground root biomass often lead to allometric equations that 
under-estimate an important component of total ecosystem carbon biomass.  Although 
the importance of including wood density in allometry is increasingly recognized, only 
15 of the reviewed studies did so. When wood density values are used, new 
measurements should ideally be taken at the site in question, rather than relying on 
published values.  Finally the review demonstrates that more research in SE Asia is 





swamp forest, rubber and oil palm plantations, bamboo, swidden fallows, and non-
swidden agroforest. Aligning research with planned construction, mining, crop rotation 
activities and tree fall incidents could increase the quantity of trees available for 
destructive sampling in some tree-dominated land-covers. 
 
Keywords: allometry, wood density, carbon, biomass, roots, land-cover change, 
Southeast Asia, REDD+ 
 
5.2. Introduction 
Vegetation biomass is the living organic matter that is produced by photosynthesis 
(Brown, 1997). Biomass can be partitioned into two components: (1) above-ground 
biomass (AGB), or the plant organs above the soil surface (e.g. stem, branches and 
leaves); and (2) below-ground biomass (BGB), which is often divided for convenience 
into the root crown, coarse roots (> 2 mm diameter), and fine roots that are < 2 mm 
diameter (Vadeboncoeur et al., 2007; Zani and Suratman, 2011). Quantifying vegetation 
biomass is necessary for evaluating biological and economic productivity, fuel 
accumulation and nutrient allocation. Recently, biomass measurements have become 
crucial for determinations of carbon sequestration in vegetation and for understanding 
the impacts of land-cover changes on carbon fluxes (Cole and Ewel, 2006; Heryati et al., 
2011a; Addo-Fordjour & Rahmad, 2013). Carbon biomass values are either determined 
directly through analytical means for example, with a carbon-nitrogen analyzer or 
Walkley Black method, or calculated as a fraction of measured biomass—on the order of 
0.37-0.53 for various types of plants and trees (Yuen et al, 2013).  
The advent of carbon accounting schemes such as REDD+ (Reducing Emissions 
from Deforestation and Forest Degradation and Enhancing Carbon Stocks) has created 





REDD+ was put forth by the United Nations Framework Convention on Climate Change 
(UNFCCC) Conference of Parties (COP) as a means to reduce carbon dioxide emissions to 
the atmosphere by giving developing countries financial incentives to conserve (and 
increase) carbon stocks within their forests (Mertz, 2012). To qualify for REDD+ payouts, 
countries must typically monitor carbon biomass stock in the land-covers in question 
accurately over time (Hein and van der Meer, 2012; Murdiyarso et al., 2012). 
The most precise method for determining (carbon) biomass is to destructively 
harvest all plants, then partition each by mass into various constituent components (e.g. 
stem, branches, leaves, flowers, fruits, roots) and subsequently determining the C 
content of the various components on a C:N analyzer. However, uprooting vegetation, 
especially trees, is time consuming, costly, and sometimes impossible.  With respect to 
the latter, cutting forest trees often goes against the goal of conserving forests (Basuki 
et al., 2009; Djomo et al., 2010; Jachowski et al., 2013). An alternative approach is to use 
allometric equations.   
Allometry refers to mathematical equations relating biomass of an entire tree or 
individual tree components (stems, branches, leaves or roots) to easily measured 
biophysical factors, such as tree diameter at breast height, tree height, and wood 
density (Banaticla et al., 2007; Basuki et al., 2009; Kuyah et al., 2012). Main stem volume 
equations can also be developed from these variables (cf. Kusmana et al., 1992; 
Hiratsuka et al, 2005; Heryati et al., 2011a; Khun et al., 2008) and stem biomass is 
calculated by multiplying stem volume with wood density (Noguiera et al., 2007; 
Somogyi et al., 2007). In this case, biomass expansion factors are then applied to 
estimate biomass of branches and leaves (cf. Brown, 1997). Through allometric 





the need to cut trees (Kenzo et al., 2009b) but the obvious paradox here is that the 
equations must be based on destructive sampling of vegetation somewhere before they 
can be applied generally (Basuki et al., 2009; Chave et al., 2014). 
Previously, we surmised that one important source of uncertainty in above-
ground and below-ground carbon stocks estimates for several land-covers SE Asia was 
the application of published allometric equations in locations differing from where the 
equation was determined (Ziegler et al., 2012; Yuen et al., 2013).   In that previous work 
we did not go into detail regarding the sources of error related to the use of allometric 
equations in biomass assessments. Herein, we extend our analyses by reviewing studies 
reporting above and below-ground allometric equations with the intention of (a) 
providing a summary of country-by-country allometric equations for the various land-
covers associated with major land use transitions in SE Asia; (b) discussing the 
limitations and uncertainties associated with the use of allometric equations; and (c) 
identifying further directions for allometry research.  The review is part of our larger 
effort to assess the effects of ongoing and projected land-cover conversion on carbon 
stocks in the region (Ziegler et al., 2012; Fox et al., 2012; 2013; Yuen et al; 2013; Webb 
et al., 2014). 
 
5.2.1. Allometry 
One of the most common forms of allometric equation is a power function (Chan et al, 
2013; Banaticla et al., 2007): 
𝐵 =  𝑎𝑋𝑏                                          (1) 
where B can be above-ground biomass, below-ground biomass, or component biomass 





combination of variables, such as D * H and D2 H; and a, b are model parameters fitted 
empirically by regression. Wood density, 𝜌 (kg/m3) can also be included in this type of 
equation (e.g., Chave et al., 2014):  
𝐵 = 𝑎 (𝜌 ∗ 𝐻 ∗ 𝐷2)𝑏                             (2) 
where a, b, 𝜌, H, and D are as above.  A log transformation is sometimes applied to 
Equation 1, giving:  
𝐿𝑜𝑔 𝐵 = 𝐿𝑜𝑔 𝑎 + 𝑏 𝐿𝑜𝑔 𝑋            (3) 
Transformation often results in an underestimate of biomass as it does not account for 
the skewness of the distribution in arithmetic units, yielding the median rather than the 
mean biomass value for a given range of independent variables when the log form is 
reconverted to the original arithmetic units (Baskerville, 1972). To ameliorate the under-
estimate, a correction factor (CF) can be applied: 
B = (aXb)CF                          (4) 
where B, a, b, and X are as above in Equation 1. Some have calculated the error term as 
a function of the sum of residuals (RSE), for example (Chave et al., 2005; Dietz and 
Kuyah, 2011):   
𝐶𝐹 = exp (
𝑅𝑆𝐸2
2
 )                              (5) 
 Other forms of allometric equations include quadratic and exponential 
equations, as shown respectively in the following examples (Brown, 1997): 
                          𝐵 =  𝑎 + 𝑏𝐷 + 𝑐𝐷2                                                                    (6) 
                         𝐵 = 𝑒𝑎+𝑏 𝐼𝑛 (𝐷)+⋯                                                                        (7) 
where B and D are as above and a, b, c are again regression constants.  Of note, power 





form of allometric relationships is root:shoot ratios that describe relationships between 
above- and below-ground biomass (Yuen et al., 2013).  
Allometric equations may be species-specific, developed from sampling a 
particular plant species, usually at a particular location. Multi-species equations are 
developed for heterogeneous land-covers, often forests that are composed of so many 
different species that it is not feasible to sample all.  For example, up to 300 species per 
hectare may be found in some diverse tropical forests (de Oliveria and Mori, 1999). In 
such cases, allometric models are typically developed from a handful of the most 
dominant species. In the Bago Mountains of Myanmar, for example, Chan et al. (2013) 
found that an equation developed using only the 6 most dominant species (55 out of 
160 sample trees) yielded above-ground biomass values that were not greatly different 
from a multi-species equation from 53 species (mean biomass of 17.22 vs 18.15 kg). In 
some instances, vegetation age is incorporated to produce age-specific equations 
(either for single or multiple species).  
While allometric equations are usually used to estimate tree biomass, they can 
also be developed for any vegetation type, or other non-dominant forms of vegetation 
within land-covers. Lianas, for example may make up as much as 38% of species 
diversity and contribute up to 30% of the total above-ground biomass within some 
tropical forests (Addo-Fordjour et al., 2008; Schnitzer and Bongers, 2011). Therefore, 
biomass estimates in forest ecosystems, especially disturbed ones, will be under-
estimated if these plants are ignored. Equations for estimating above-ground liana 
biomass can be found in Addo-Fourdjour and Rahmad (2013), Feng et al. (1998), 
Shanmughavel et al. (2001) and Lü et al. (2010). Allometric equations have also been 





While we acknowledge the availability of allometric equations for secondary vegetation 
forms, our review will focus on the primary forms that comprise major land-covers in SE 
Asia. 
5.3. Methods 
We focus on 12 major land-covers related to important land-cover and land-use 
transitions now taking place in Southeast Asia, including Papua New Guinea (PNG) and 
Southern China (Xishuangbanna and Hainan Island): mangrove (MAN), forest (FOR), peat 
swamp forest (PF), orchard and tree plantation (OTP), logged over forest (LOF), rubber 
plantation (RP), oil palm plantation (OP), bamboo (BAM), swidden fallow of any length 
(SF), non-swidden agroforest (AGF), grassland, pasture and shrub land (GPS) and 
permanent cropland (PC) (Yuen et al., 2013). Thus, the review provides data for Brunei, 
Cambodia, Indonesia, Lao PDR, Malaysia, Myanmar, Philippines, PNG, Singapore, 
Southern China (Xishuangbanna and Hainan Island), Thailand, Timor Leste and Vietnam.  
 For each land-cover, we compiled literature-reported allometric equations for 
calculating total biomass, above-ground biomass, and below-ground (root) biomass  to 
identify gaps in equation coverage and facilitate testing and comparison of existing and 
new equations (Henry et al., 2013). Such databases exist for other geographical regions 
– North and Latin America (cf. Ter-Mikaelian and Korzukhin, 1997; Jenkins et al., 2003; 
Návar, 2009), Europe (cf. Zianis et al., 2008), Africa (cf. Henry et al., 2011) and Australia 
(Eamus et al., 2000; Keith et al., 2000). Coverage for Southeast Asia is scant except in 
the GlobAllomeTree database (cf. Henry et al., 2013) – the countries covered include 
only Cambodia (1102 volume and biomass equations), Indonesia (70 biomass equations) 





Here we report four categories of equations: (1) multi-species equations; (2) 
age-specific/multi-species equations; (3) species-specific equations; and (4) age-
specific/single-species equations. Species-specific equations were grouped under the 
dominant land-cover in which the data were collected. The reported allometric 
equations were mostly either species-specific or multi-species equations. For some, the 
age of the vegetation sampled was known.  
 Tree height and stem volume equations were also included in the synthesis. 
Reported equations include those that estimate total above- or below-ground biomass 
as well as separate equations for estimating each tree component (eg. stem, branch, 
leaves, flowers and fruits). To facilitate future use of the compiled equations, 
information on species and plant components, author reported regression statistics, 
such as (adjusted) R2, number of trees harvested, locations of the field site(s), diameter 
ranges for which the equations were valid and other relevant bibliographic information 
were compiled (Supplementary table S3 for Above-ground biomass, S4 for root 
biomass). 
Owning to limited data, and lack of standardization of botanic nomenclature (cf. 
Maxwell, 2004), a variety of vegetation types were lumped into some common land-
cover classes.  For example, forest combined both evergreen and deciduous lowland 
forest types; ambiguous forest types were also placed in this class.  The orchard and 
tree plantation group included a range of timber and fruit-bearing trees: e.g., Acacia, 
Eucalyptus, Tectona (teak) and cocoa.  Owing to limited data, all types of swidden fallow 
were combined. Peat and mangrove forests were separated from other forest types 
because they are a unique wetland ecosystem with large stores of terrestrial carbon and 





2010). The logged-over forest category included various types of regenerating, 
secondary and artificial forests. Unless authors provided indication of prior swiddening, 
all disturbed forests were put in this category.  While bamboo is common in fallowed 
lands and considered a grass, we separated it because of its unique morphology and 




Most of the above-ground biomass equations for mangroves originate from Thailand 
(11), Indonesia (10) and Vietnam (7). Of the 10 Indonesian mangrove equations, four 
were developed jointly from fieldwork in Indonesia and Thailand (Poungparn, 2003; 
Komiyama et al., 2005). Three equations were developed in Malaysia and Philippines; 
and two were from Hainan Island in Southern China. Only one case study (Thant et al., 
2012) reported equations for estimating AGB in Myanmar, a country where large tracts 
of mangroves have been destroyed for agricultural expansion (Webb et al., 2014).  One 
equation for moist mangrove stands was developed for “tropical regions” by Chave et 
al. (2005) (Table 5.1, S3). In all, we found 34 different allometric equations for 
estimating AGB in mangrove ecosystems (Table 5.3).  
  Nearly all mangrove equations were species-specific, developed for particular 
mangrove species, such as Avicennia marina or Rhizophora apiculata. Tree age was 
known for 12% of these equations (Table 5.3). The most common mangrove species 
sampled was Rhizophora apiculata, with seven case studies reporting AGB equations. 





equations were found in the literature (Supplementary table S3). For species-specific 
above-ground equations, the total number of trees sampled ranged from five 
Rhizophora apiculata trees (Kusmana et al, 1992) to 47 Avicennia marina trees 
(Dharmawan and Siregar, 2008). For multi-species  equations, only three equations were 
available (Chave et al., 2005; Komiyama et al., 2005; Thant et al., 2012); and only those 
by Thant et al. (2012) were age-specific. Of these three equations, sampling included 
anywhere from nine trees representing six mangrove species to 104 trees representing 
ten mangrove species (Supplementary table S3). The lack of multi-species equations 
stems from the fact that the few distinct species present in most mangrove ecosystems 
(FAO, 1985) can be identified and sampled, allowing the development of species-specific 
equations.  
In comparison, only 12 equations were available for estimating below-ground 
root biomass. Most of these equations were developed in Thailand (5). China, Indonesia, 
Malaysia, Myanmar and Vietnam contributed one to two below-ground equations each 
(Table 5.2). Two-thirds of these equations were species-specific while only two were 
age- or -species-specific (Table 5.3). For the Rhizophora genus, prop roots above the soil 
surface were always considered to be part of above-ground biomass. The number of 
trees sampled for root allometry ranged from one to 47 trees (cf. Poungparn et al., 
2004; Dharmawan and Siregar, 2008; Supplementary table S4). For both above- and 
below-ground equations, only the studies of Chave et al. (2005), Komiyama et al. (2005) 
and Thant et al. (2012) included wood density as an independent variable 








Table 5.1. Comparison of number of project-specific above-ground allometric equations for twelve land-covers in each Southeast Asian country, 
Papua New Guinea and Southern China. 
Country/Class
1 
MAN FOR PF OTP LOF RP OP BAM SF AGF GPS PC Total 
Brunei              0 
Cambodia   8   1 1       10 
China 2 11   11 4   8    36 
Indonesia 10 11 2 24 10  1  8    66 
Lao PDR    2    2     4 
Malaysia 3 6  10 4 5 3 9 11    51 
Myanmar 1   3    7 1  1  13 
Papua New Guinea  1  2         3 
Philippines 3   13    4     20 
Singapore             0 
Thailand 11 9  25    4     49 
Timor Leste             0 
Vietnam 7   4    2 1  2  16 
World/ tropics
2 
1 11           12 
Total 38 57 2 83 26 10 4 28 29 0 3 0  
 
1The twelve land-covers considered are: mangrove (MAN), forest (FOR), peat swamp forest (PF), orchard and tree-plantation (OTP), logged over 
forest (LOF), rubber plantation (RP), oil palm plantation (OP), bamboo (BAM), swidden fallows of any length (SF), non-swidden agroforest (AGF), 
grassland, pasture and shrub land (GPS) and permanent cropland (PC).  
 





Table 5.2. Comparison of number of project-specific root/below-ground allometric equations for twelve land-covers in each Southeast Asian 
country, Papua New Guinea and Southern China. 
Country/Class
1 
MAN FOR PF OTP LOF RP OP BAM SF AGF GPS PC Total 
Brunei              0 
Cambodia   2   1        3 
China 2 10   11 2   8    33 
Indonesia 2   17 1        20 
Lao PDR    2         2 
Malaysia 2 1  5   1  5    14 
Myanmar 1            1 
Papua New Guinea    1         1 
Philippines    2         2 
Singapore             0 
Thailand 5 1  14         20 
Timor Leste             0 
Vietnam 1            1 
World/ tropics
2
  2           2 
Total 13 16 0 41 13 2 1 0 13 0 0 0  
 
1The twelve land-covers considered are: mangrove (MAN), forest (FOR), peat swamp forest (PF), orchard and tree-plantation (OTP), logged over 
forest (LOF), rubber plantation (RP), oil palm plantation (OP), bamboo (BAM), swidden fallows of any length (SF), non-swidden agroforest (AGF), 
grassland, pasture and shrub land (GPS) and permanent cropland (PC).  
 





Table 5.3. Number of (1) multi-species, (2) age-specific/multi-species, (3) species-specific and (4) age-specific/single-species equations for 
calculating above and below-ground biomass in each land-cover. Number in parenthesis represents the percentage distribution.   
   MAN FOR PEAT OTP LOF RP OP BAM SF GPS 
Above-ground           
Total no. of equations 34* 57 2 83 26 10 4 28 29 3 
No. of multi-species equations 2 (6%) 37 (65%) 2 (100%) 1 (1%) 11 (42%) 0 0 2 (7%) 9 (31%) 1 (33%) 
No. of age-specific/multi-species equations 1 (3%) 0 0 1 (1%) 4 (15%) 0 0 0 3 (10%) 0 
No. of species-specific equations 27 (79%) 20 (35%) 0 26 (31%) 11 (42%) 3 (30%) 2 (50%) 22 (79%) 11 (38%) 2 (67%) 
No. of age-specific/single-species equations 4 (12%) 0 0 55 (66%) 0 7 (70%) 2 (50%) 4 (14%) 6 (21%) 0 
           
Below-ground           
Total no. of equations 12* 16 0 41 13 2 1 0 13 0 
No. of multi-species equations 1 (8%) 11 (69%)  0 3 (23%) 0 0  1 (8%)  
No. of age-specific/multi-species equations 1 (8%) 0  0 4 (31%) 0 0  5 (38%)  
No. of species-specific equations 8 (67%) 5 (31%)  4 (10%) 6 (46%) 1 (50%) 0  7 (54%)  
No. of age-specific/single-species equations 2 (17%) 0   37 (90%) 0 1 (50%) 1 (100%)   0   
The land-covers considered are: mangrove (MAN), forest (FOR), peat swamp forest (PF), orchard and tree-plantation (OTP), logged over forest 
(LOF), rubber plantation (RP), oil palm plantation (OP), bamboo (BAM), swidden fallows of any length (SF) and grassland, pasture and shrub land 
(GPS). No equations were available for non-swidden agroforest (AGF) and permanent cropland (PC). 










Most above-ground allometric equations for forests were developed from fieldwork in 
China (n=11), Indonesia (11), Thailand (9), Cambodia (8) and Malaysia (6). While China 
produced the most equations, five were species-specific and all were developed in a 
monsoon rainforest over limestone in Xishuangbanna (cf. Qi and Tang, 2008). The 
remaining six multi-species equations were from a seasonal rainforest (4 equations), a 
monsoon rainforest over limestone and a tropical mountain rainforest. Likewise, of the 
11 above-ground equations from Indonesia, five were species-specific and four were 
developed at one location, a tropical lowland dipterocarp forest in East Kalimantan (cf. 
Basuki et al., 2009). Multi-species equations were available for lowland dipterocarp 
forests (3 equations), a mixed dipterocarp forest, a lowland evergreen forest and a 
tropical heath forest. Meanwhile, Thailand, Cambodia and Malaysia have 13 multi-
species equations and the studied forest types include dipterocarp, evergreen and 
monsoon forests. Only one case study in Papua New Guinea developed a site-specific 
equation for a montane rainforest (Edwards and Grubb, 1977). The number of trees 
sampled for multi-species equations range from 28 trees from 18 species in a tropical 
wet seasonal rainforest in Xishuangbanna (Shanmughavel et al., 2001) to 509 trees from 
66 species in an evergreen and deciduous forest in Cambodia (Kiyono et al., 2010; 
Supplementary table S3).  
 To overcome sampling and geographical limitations of site-specific equations, a 
few researchers developed equations from re-analyzing data from previous studies that 
did destructive sampling. For example, the pan-tropical equations by Chave et al. (2014) 
resulted from compiling data from 4004 trees from 58 sites worldwide (diameter range: 





5-156 cm) were re-analyzed in Chave et al. (2005). In all, we found eleven equations 
developed for “tropical regions” in general (Table 5.1, S3). Overall, 65% of all equations 
were multi-species equations, reflecting the heterogeneous nature of the forest land-
cover Table 5.3).  The remaining equations were species-specific equations for a handful 
of species such as Celtis wightii, Hopea ferra and Hydnocarpus ilicifolius (note that 
common plantation tree species appear in other categories).  Equations for stranglers of 
the genus Ficus L. (cf. Culmsee et al., 2010) and lianas (cf. Addo-Fourdjour and Rahmad, 
2013) were also included in this land-cover.  
 Wood density was included as a variable in above-ground allometric equations 
in only six case studies – Brown et al. (1989), Basuki et al. (2009), Chave et al. (2005; 
2014), Culmsee et al. (2010) and Kiyono et al. (2010).  However, only Brown et al. (1989) 
and Basuki et al. (2009) derived wood density from direct sampling. Culmsee et al. 
(2010) and Kiyono et al. (2010) relied on published data while the origins of wood 
density values for Chave et al. (2005; 2014) were unclear.   
 Only 16 allometric equations were found for root biomass (Table 5.2). Most 
were developed in China (10), with only a few developed in Cambodia (2), Malaysia (1) 
and Thailand (1). About 70% of these equations were developed from sampling multiple 
tree species (Table 5.3). Mokany et al. (2006) and Cairns et al. (1997) developed two 
separate equations that could be applied to sites outside Southeast Asia 
(Supplementary table S4). In the studies we reviewed, a range of three to 509 trees 
were sampled for determination of the below-ground equations (cf. Ogawa et al., 1965; 
Kiyono et al., 2010).  Only Kiyono et al. (2010) included wood density as an independent 






5.4.3. Peat swamp forest 
The only above-ground allometric equations for peat swamp forest were reported by 
Istomo (2006) and Manuri et al. (2014), all stemming from work in Indonesia. Both sets 
of above-ground equations were derived from sampling multiple species. A total of 148 
trees were sampled by Manuri et al. (2014) at 3 locations in Sumatra and West 
Kalimantan, while the Istomo (2006) did not state the number of trees they sampled in 
Sumatra (Table 5.1, S3). No below-ground allometric equations were found for peat 
swamp forests (Table 5.2). Given the limited availability of equations for peat swamp 
forests, most case studies applied published equations from other forest types to 
estimate biomass. Verwer and van der Meer (2010), for example, applied an allometric 
equation from lowland mixed dipterocarp forest in East Kalimantan (Basuki et al., 2009) 
to estimate above-ground biomass in peat swamp forest communities in Sarawak and 
Brunei. While the published equation included several dominant tree genera found at 
the peat swamp forest type, accuracy of the estimate is not known. Similarly, peat 
swamp forest biomass has been estimated using the pan tropical forest equation of 
Chave et al. (2005) (cf. Morel et al., 2011; Kronseder et al., 2012), but the various forest 
types used to develop this equation does not appear to include peat swamp forests. 
Finally, only Manuri et al. (2014) used wood density as an independent variable, 
together with tree diameter and height (Supplementary table S3). 
 
5.4.4. Orchard and tree plantation 
Of all the land-covers reviewed, orchard and tree plantations have the most number of 
allometric equations for estimating above- and below-ground biomass:  83 for AGB and 





Indonesia (24), Philippines (13) and Malaysia (10). The remaining equations were split 
almost equally amongst Vietnam (4), Myanmar (3), Lao PDR (2) and Papua New Guinea 
(2) (Tables 1). For root biomass, Indonesia had the most number of equations (17), 
followed by Thailand (14), Malaysia (5), Lao PDR (2), Philippines (2) and Papua New 
Guinea (1) (Table 5.2). Given the homogeneous nature of orchards and plantations, all 
but two published equations were species-specific, including those for Acacia mangium, 
Gmelina arborea, teak (Tectona grandis), and coffee in general (Supplementary table S3, 
S4). Multi-species equations by Kiyono et al. (2007a) and Oo et al. (2006) were used for 
planted tree species commonly found in tree plantations (eg. Acacia catechu and 
Eucalyptus camaldulensis).   
As trees in a plantation tend to be of a similar age, age-specific/single-species 
equations were often developed—66% of the reviewed AGB equations were of this 
type, while 90% of BGB equations were age-specific/single-species (Table 5.3). While 
sampling this homogenous land-cover is straightforward, case studies that sampled 
fewer than ten trees for developing equations were common. For instance, Yamada et 
al. (2000b) sampled only four Acacia mangium trees in Sonbe, Vietnam. Hiratsuka et al. 
(2005) and Meungpong et al. (2010) sampled only five teak trees at their field sites in 
Thailand (Supplementary table S3). A similar pattern occurs for the development of 
several below-ground equations. For example, Kamo et al. (2008) sampled four trees 
per species, while Heryati et al. (2011b) sampled five Hopea odorata trees 
(Supplementary table S4). Wood density was included in AGB equations in only the 






5.4.5. Logged-over forest 
Above-ground allometric equations for logged-over forests were developed for four 
countries: China (n=11), Indonesia (10), Malaysia (4) and Cambodia (1). One of the 
Malaysian equations was for estimating liana stem biomass (Addo-Fordjour & Rahmad, 
2013; Table 5.1, S3). Six of the 11 Chinese equations and five of the 10 Indonesian 
equations were species-specific equations. Like forests, only a limited number of species 
could be enumerated, including Baccaurea ramiflora, Macaranga gigantean and Piper 
aduncum.  For such equations, the number of trees sampled ranged from three to 37 
(cf. Tang et al., 2003; Hiratsuka et al., 2006). The age of vegetation was available for four 
out of 15 multi-species equations. For multi-species equations, the number of trees 
sampled range from five to 509 (Hendri et al., 2012; Kiyono et al., 2010) (Supplementary 
table S3). Wood density was included as an independent variable in three studies 
(Ketterings et al., 2001; Kiyono et al., 2010; 2011). 
The number of below-ground equations was half the number of AGB equation—
11 from China and one each from Cambodia and Indonesia (Table 5.2). Almost half of 
BGB equations were species-specific; and 31% were age-specific/multi-species 
equations. The remaining 23% were multi-species equations with no information 
available for the age of vegetation (Table 5.3). Where information was available, the 
number of trees sampled for root biomass equations ranged from three to 509 (Tang et 
al., 2003; Kiyono et al., 2010; Supplementary table S4). Wood density was used only by 







5.4.6. Rubber plantation 
Ten above-ground allometric equations were available for rubber: five were from 
Malaysia; four from China; and one from Cambodia. Only two equations were available 
for estimating root biomass (Table 5.1, 2). All published equations were considered 
species-specific even though different clones were studied (cf. Templeton, 1968; Wan 
Razali et al., 1983) - we distinguished between the clones in Supplementary table S3.  
Ages of rubber trees were available for 70% of the AGB equations (Table 5.3). Two 
studies, Wan Razali et al. (1983) and Khun et al. (2008), reported stem volume equations 
with diameter and height as independent variables. Only three rubber trees were 
sampled in Tang et al. (2003) for above-ground allometry.  In comparison, 81 trees were 
cut for overbark volume equations for 20-year trees by Wan Razali et al. (1983) 
(Supplementary table S3). For root biomass, the two case studies reporting below-
ground equations sampled three and 30 trees, respectively, in Xishuangbanna (cf. Tang 
et al., 2003; Tang et al., 2009; Supplementary table S4). 
 
5.4.7. Oil palm plantation 
The different physiological makeup of an oil palm dictates that tree height is more 
useful as an independent variable than diameter in above-ground biomass estimations.  
Thus, three out of four reported case studies used palm height as the sole independent 
variable in their allometric equation. The exception was Henson and Dolmat (2003), who 
used palm age as an independent variable. Above-ground biomass equations for oil 
palm were primarily developed in Indonesia and Malaysia with one and three equations 
developed, respectively. Only one study developed equations for root biomass (Henson 





species-specific (regardless of clone variant). Two out of four case studies reported age-
specific equations (Khalid et al., 1999; Henson and Dolmat, 2003; Table 5.3). Only Khalid 
et al. (1999) reported sampling quantity (n=10) for the determination of their above-
ground allometric equation; and 11 palms were cut for a root equation by Henson and 
Dolmat (2003) (Supplementary table S3, S4).  
 
5.4.8. Bamboo 
We found 28 allometric equations for estimating bamboo AGB. The most equations 
were determined in Malaysia (n=9), followed by Myanmar (7), Philippines (4), Thailand 
(4), Lao PDR (2) and Vietnam (2) (Table 5.1). Of the 28, only two were multi-species 
equations that could be applied to more than one type of bamboo (cf. Viriyabuncha et 
al., 1996; Descloux et al., 2011). The remaining 22 were derived for specific bamboo 
species. Although Kiyono et al. (2007b) sampled two species of bamboo for their 
biomass equation; it is considered a species-specific equation because eight out of nine 
individuals sampled were Bambusa sp. An additional four equations were age-
specific/single-species (Table 5.3). Bamboo species having allometric equations include 
Bambusa tulda, Gigantochloa scortechinii and Schizostachyum zollingeri–species 
commonly found in SE Asia. For equation development, Fukushima et al. (2007) and 
Chan et al. (2013) sampled only five culms of Cephalostachum pergracile and 
Gigantochola nigrociliata respectively. In contrast, Azmy et al. (1991) sampled 173 
culms of Gigantochloa scortechnii; and Ly et al. (2012) cut 131 culms of Dendrocalamus 
barbatus. The multi-species equations by Viriyabuncha et al. (1996) and Descloux et al. 





per size class (total number unclear) respectively (Supplementary table S3). No 
equations for estimating below-ground biomass of bamboo were found in the literature. 
5.4.9. Swidden fallow 
A total of 29 allometric equations were found for estimating AGB in swidden fallows. 
Eleven originated from Malaysia; and eight each were determined in China and 
Indonesia. Myanmar and Vietnam contributed one equation each (Table 5.1). Reflecting 
the heterogeneous nature of the land-cover, 31% of the equations were multi-species 
equations and another 10% were age-specific/multi-species equations. The multi-
species equations represent fallows at various stages of forest regeneration. To develop 
multi-species equations, Kiyono and Hastaniah (2005) harvested only 14 trees for 
above-ground allometry of a 34 year fallowed secondary forest in Indonesia. Similarly, 
Ohtsuka (2001) cut 11 trees in Sabah (Insular Malaysia) to develop allometric equations 
to estimate stem and leaf biomass in a 10-year forest community following shifting 
cultivation. In contrast, Hastimoto et al. (2004) harvested 191 trees to develop an 
above-ground biomass equation for a tropical fallow forest in East Kalimantan. In 
comparison, Chan et al. (2013) harvested up to 160 trees to develop equations for 
estimating tree above-ground biomass in swidden cultivation fallows in the Bago 
Mountains of Myanmar (Supplementary table S3).  
Nearly 60% of the equations were species-specific, of which 21% included 
information on vegetation age (Table 5.3). Age could be included in many equations as 
records of fallow lengths are usually kept because studies often focus on lengths of 
cropping and fallow phases of shifting agriculture. Species sampled included Callicarpa 
pentandra (beautyberry) and Dillenia suffruiticosa (a large evergreen shrub) growing on 





Apodytes dimidiate, Eurya groffii and Macaranga denticulate, were found on swidden 
land following slash-and-burn agriculture in Xishuangbanna (Yunnan province, China). 
The large number of species-specific equations in a supposedly heterogeneous land-
cover may be due to the fact that a small number of dominant pioneer species occurring 
on fallowed lands facilitates sampling for equation development. 
A total of 13 equations were found for below-ground biomass of swidden 
fallows. Eight of these were from China; and five were from Malaysia. Of the 13 
equations, 8% were multi-species, 38% were age-specific/multi-species equations, and 
the remaining 54% were species-specific equations (Table 5.2, 3). All but one of the 
eight equations originating from China was a species-specific equation. All five 
equations from Malaysia were derived from mixed species fallows. Overall, nine to 77 
trees were uprooted to develop root allometric equations for this land-cover (cf. Kenzo 
et al., 2009a; Kenzo et al., 2010; Supplementary table S4). 
 
5.4.10. Grassland, pasture and shrub land 
All three equations for the grassland, pasture and shrub land land-cover were developed 
for estimating above-ground shrub biomass. The lack of equations may be related to the 
ease of determining grass biomass by destructive sampling when estimates are needed 
(cf. Kamnalrut & Evenson, 1992; Oo et al., 2006; Kamo et al., 2008). Two of the three 
equations were species-specific—e.g., for Chromolaena odorata (L.) and Melastoma 
sanguineum Sims. Both species-specific equations originated from Chieng Khoi 
watershed in Vietnam, where five and four shrubs were sampled respectively. From 





Kiyono et al. (2004) for use in their study (Table 5.1, 3, S3).  No allometric equation for 
estimating root biomass was found for this cover type.  
 
5.3.11. Non-swidden agroforest and permanent cropland 
No above or below-ground equations were found for either non-swidden agroforest or 
permanent cropland land-covers (Table 5.1, 2). The lack of equations for permanent 
croplands results because crops can be easily sampled destructively for biomass 
determination (cf. Roder et al., 1997; Watcharapirak et al., 2009; Vicharnakorn et al., 
2014). In comparison, the lack of allometric equations for agroforests is an artifact of 
many agroforest trees being common species in tree plantations (eg. cocoa, coffee and 
rubber); and therefore, published equations for these other land-cover types we 
considered can be similarly applied (cf. Tomich et al., 1998; Smiley and Kroschel, 2008; 
Labata et al., 2012). However, given that trees planted alongside crops prevent erosion 
and improve poor soils (Budiadi et al, 2006), it is possible that the better soil conditions 
in agroforestry systems allow tree biomass to be higher than those grown in 
monoculture plantations (Budiadi and Ishii, 2010). Thus, it is not known if published 




As tree species and characteristics vary from site to site, the applicability of using 
published equations developed at different locations than the one in consideration may 





simply “snapshots” of biomass that may not be applicable at certain times of the year—
e.g., wet versus dry periods, or periods when leaf shedding occurs. In situations where 
equations were created for a specific conservation project, the equations may be 
derived from felling a small number of trees (often small) from a limited area (Ketterings 
et al, 2001; Rutishauser et al., 2013). According to Chave et al. (2004), fewer than 50 
trees are usually harvested in any field sampling project project (eg. Niiyama et al., 
2010). For below-ground biomass, underestimates commonly occur as roots may be 
sampled to inadequate depths and roots are inevitably lost during sampling and 
washing (Yuen et al., 2013). Wood density is also rarely included as an independent 
variable in allometric equations, even though it describes biomass and carbon storage 
per unit volume of stem (Chave et al., 2004). Thus, values from published literature or 
databases are often used, creating another source of uncertainty, particularly for 
countries (and for land-covers) where limited fieldwork has been conducted. These 
issues are explored in the following sections. 
 
5.5.1. Equation development 
We found a total of 276 allometric equations for estimating above-ground biomass; and 
98 for below-ground biomass (Table 5.1, 2). Of the 12 land-covers reviewed, there were 
few AGB equations for peat swamp forest, rubber and oil palm plantations and non-
swidden agroforest in SE Asia. There were few or no below-ground equations for peat 
swamp forest, rubber and oil palm plantations, bamboo and agroforest in SE Asia. The 
disproportionately low number of below-ground equations results from difficulties 
associated with sampling roots. The need for labor and machinery to excavate roots 





assessments must rely on published allometric equations that may not be 
representative of site conditions. If root biomass is ignored in carbon accounting 
projects, an important source of the terrestrial carbon budget will be unaccounted. In 
mangroves for example, ignoring root biomass may result in an underestimate of total 
ecosystem carbon by up to 20%, while in other land-covers, underestimates of up to 
10% may result (Yuen et al., 2013).  When published equations are applied, the accuracy 
is also uncertain unless a few trees are harvested from the field site for validation (cf. 
Thant et al., 2012). However, this extra step is rarely implemented.  
When estimating above- and below-ground biomass by allometry, site-specific 
equations are preferred because tree dimensions and wood density, variables that 
control biomass, are strongly affected by site-specific geographical variables, including 
soil properties, land-use history, stand age, altitude and climatic variables such as 
temperature and rainfall (Brown et al., 1989). For example, exotic trees (Khaya 
ivorensis) planted in three different Ultisol soil series (Padang Besear, Durian and 
Rengam) in Johor, Malaysia, had very different age-specific diameters, height, and 
crown area dimensions. Separate allometric equations were therefore created for each 
soil type. The sum of above and below-ground biomass was much higher in the Padang 
Besar soil series (63 Mg/ha), compared with Durian (46 Mg/ha) and Rengam (41 Mg/ha) 
soil series (Heryati et al., 2011a).  
Tree age will also determine biomass accumulation. Total biomass in a 10-year 
Acacia mangium plantation in West Java (99 Mg/ha) was more than three times that in 
a 3-year stand (29 Mg/ha) (Miyakuni et al., 2004). The application of inappropriate age-
specific allometric equations potentially results in substantial calculation errors. Further, 





separate equations for rubber trees growing at two different elevation ranges.  They 
found that AGB of 26-year rubber trees growing at 550-600 m was twice that of trees 
growing at 950-1050m—elevations with cool climates that limit rubber growth. 
Seasonality is another important factor, particularly if leaf shedding occurs. Separate 
equations for leaf and total biomass should be developed to account for seasonality 
(Kamo et al., 2008; Chan et al., 2013). As most equations represent a snapshot of 
biomass at any given time, tree morphology changes should be considered before 
applying general equation. In addition, differences in precipitation can result in 
potentially substantial differences in biomass as it affects the type of vegetation and 
species present.  To account for this, Brown (1997) and Chave et al. (2005) developed 3 
separate equations for dry forests (precipitation <1500 mm/year), moist forests (1500-
4000 mm/year; the upper bound was 3500 mm/year for Chave et al., 2005) and wet 
forests (> 4000 mm/year; > 3500 mm for Chave et al., 2005). For similar species of 
plants, differences in precipitation may result in substantial differences in growth rates. 
For example, above-ground biomass of a 38 year old Tectona grandis planted forest at a 
location with a mean annual precipitation of 1500 mm was 14 Mg/ha higher than a 
similar forest growing at a location with 500 mm of rain/year (Kiyono et al., 2007a). 
Another calculation error occurs when published equations are applied to trees having 
diameters larger than those from which the equation was developed (Chave et al., 
2004).  
From our review we found agreement that the largest and smallest trees 
present at the research site should be included in developing the equations. However, 
there was no consensus on the quantity of trees that should be sampled. Sample 





should be determined by the range of tree diameters present and the distribution of 
trees in each diameter class. In our review, we found case studies that sampled only 3-5 
trees (cf. Kusmana et al., 1992; Tang et al., 2003; Phongoudome et al., 2012). It is 
unclear, however, if these trees were representative of all trees at the site, thereby 
justifying the small sample number. In addition, sampled trees should be randomly 
selected, regardless of health condition or degree of damage, because sampling only 
trees with fully intact structural characteristics will likely result in an equation that over 
estimates biomass for the general case (Chambers et al., 2001).  
 
5.5.2. Published equations 
Where destructive sampling of biomass is not possible, use of published equations is the 
only method available for biomass estimation (cf. Fox et al., 2010; Ngo et al., 2013; 
Vicharnakorn et al., 2014; Vincent et al., 2014). Unfortunately, this is the situation for 
land-covers with few or no published allometric equations (Table 5.1, 2). The study of 
Manuri et al. (2014) demonstrates the difficulties in using published equations.  At three 
peat swamp forest sites in Indonesia where they harvested 148 trees, local equations 
determined by Basuki et al. (2009) and Ketterings et al. (2001) over-estimated AGB. 
Similarly, after cutting 108 trees in a lowland dipterocarp forest in East Kalimantan, 
Rutishauser et al. (2013) found that regional equations by Yamakura et al. (1986) and 
Basuki et al. (2009) underestimated AGB by 0-10% and 25-40% respectively. This point is 
further shown in the study by Basuki et al. (2009) in a lowland dipterocarp forest in East 
Kalimantan, Indonesia. When equations by Chave et al. (2005) and Brown (1997) were 
applied to the data from cutting 122 trees, AGB was over-estimated.  In comparison, it 





In our prior review of AGC stocks (Ziegler et al., 2012), at least 30% of the 
entries for the FOR, PEAT, OTP, RP, OP, LFS, IFS and AGF categories were derived from 
published equations. At the high end, 60% of the MAN and LOF entries were determined 
from allometry. The equation by Komiyama et al. (2005) was popular among mangrove 
studies (cf. Wilson et al., 2011; Jachowski et al., 2013; Tue et al., 2014) while equations 
of Brown (1997), Ketterings et al. (2001) and Chave et al. (2005) were commonly used 
for forested land-covers, including peat swamp forests and logged forests. Alarmingly, 
even land-covers that tend to be homogeneous (e.g. OTP) relied on general equations 
(cf. Hairiah et al., 2002; Morel et al., 2011)  
Meanwhile, in our review of below-ground carbon (BGC) studies (Yuen et al. 
2013), at least 40% of entries for seven out of 12 land-covers (MAN, FOR, OTP, LOF, 
BAM, AGF and PC) relied on published equations, including root:shoot ratios. The lack of 
root research creates the situation where a few allometric equations were used 
repeatedly, such as those by Komiyama et al. (2005) (for mangrove) and Cairns et al. 
(1997) (for tree species).  As such, it is possible that biomass estimates reported in a 
large proportion of the case studies reviewed have substantial errors. Moving forward, 
we suggest that when published equations are needed, multiple, potentially equally 
applicable allometric equations should be compared, and the range of AGB and BGB be 
reported.  
 
5.5.3. Diameter range errors 
Error related to model selection may introduce up to 40% of uncertainty in a live 
tree carbon estimates (Chave et al., 2004; Melson et al., 2011). This may be the largest 





equations to estimate above-ground biomass were applied to diameters ranging from 1 
to 25 cm for one mangrove (Rhizophora apiculata) and one tree plantation species 
(Acacia mangium).  The three equations for Rhizophora apiculata were from Putz and 
Chan (1986), Komiyama et al. (2005) and Nam (pers comm 2010 in Wilson, 2011); the 
equations for Acacia mangium were from Miyakuni et al. (2004), Lim (1988) and 
Yamada et al. (2000b) (all equations shown in Supplementary table S3). For Acacia 
mangium, above-ground biomass per tree was the sum of stem, branch, bark and leaves 
biomass derived from separate equations. The multi-species equation by Komiyama et 
al. (2005) was included because it is frequently used to estimate AGB of Rhizophora sp. 
(e.g. Jachowski et al., 2013; Abino et al., 2014). For Rhizophora apiculata, the three 
equations gave similar AGB values over the range of diameters (Figure 5.1). For Acacia 
mangium, however, AGB estimates were skewed for diameters > 15 cm D. At 25-cm 
diameter, the difference between the highest and lowest tree AGB was 24 kg for 






             
Figure 5.1. Range of above-ground biomass values for (a) Rhizophora apiculata and (b) Acacia mangium trees when 3 different species-specific 
equations were applied. The 3 equations for Rhizophora apiculata were from Putz and Chan (1986), Komiyama et al. (2005) and Nam (2010) 
while the equations for Acacia mangium were from Miyakuni et al. (2004), Lim (1988) and Yamada et al. (2000b).  AGB for Rhizophora were fairly 
similar for the range of DBHs while the AGB values for Acacia mangium was skewed beyond 15 cm DBH. The example highlights how equation 





The data skew may be the outcome of applying equations beyond their valid 
diameter range.  The equations of Lim (1988), for example, were inappropriate for tree 
diameters beyond 22 cm. At 25 cm DBH, above-ground biomass from Lim (1988) 
differed from equations of Miyakuni et al (2004) and Yamada et al. (2000b) by 77 and 
160 kg respectively. In addition, although the equations of Yamada et al. (2000b) were 
suitable for trees with diameters ranging from 1-26 cm, and R² > 0.95 were recorded for 
stem and branch equations, their equations were determined from just four trees, of 
which only one had a diameter greater than 20 cm. The application of this equation to 
large diameter trees potentially produces substantial error. 
 
5.5.4. Height and wood density 
In some studies, stem diameter alone was a good predictor of biomass (Smith and 
Whelan, 2006; Banaticla et al., 2007; Kuyah et al., 2012). In others, the inclusion of tree 
height improved biomass predictions (Chan et al., 2013; Chave et al., 2014) although 
height may be estimated from DBH by a hyperbolic equation (Ogawa et al., 1965). 
However, unless trees are felled, height measurements are not easily obtained in closed 
canopies (Chave et al., 2005). Remote sensing methods such as light detection and 
ranging (LiDAR) overcome this difficulty by determining tree height to within a few 
several centimeters. Unfortunately, it is costly and specialized skills are needed for 
analysis; and have therefore only been used in a limited number of cases (Kronseder et 
al., 2012; Kuyah et al., 2014).  
Studies on harvested trees show that wood density is the second most 
important variable for predicting tree biomass (Chave et al., 2005). Thus, when wood 





necessarily have the highest biomass. In a lowland dipterocarp forest in East 
Kalimantan, for example, a Shorea superba tree with a diameter of 170 cm had a 
corresponding AGB (40 Mg) that was higher than another Shorea sp. tree with a 
diameter of 200 cm (36 Mg). Differences in wood density partially explain this difference 
(Basuki et al., 2009): the wood densities were 0.86 g/cm³ versus 0.57 g/cm³, 
respectively, but relationship between heights was opposite (26 m for Shorea superba 
versus 28 m for Shorea sp.). 
Wood densities are also required when stem biomass is calculated from stem 
volume. Of the many studies we reviewed, only 15 case studies included wood density 
in their equations—all but three were published after 2005. Also, the prevalence of 
using published equations that excluded wood density (e.g. Brown, 1997) means that an 
important determinant of biomass has not been taken into consideration in many 
studies. The lack of studies could be due to the fact that extra effort and resources are 
needed to measure the wood density of all trees and including it as a variable increases 
the complexity of the equation (Chave et al., 2005).   
Wood density is strongly influenced by environmental factors such as soil 
fertility, natural disturbance frequency, light availability, humidity and climatic life zone 
(Chave et al., 2004; Noguiera et al., 2007). As such, the same species of trees growing in 
different locations can have different wood densities. For example, when wood 
densities of trees in the “arc of deforestation” (encompassing the southwestern, 
southern and eastern edge of the Amazon basin) were compared to published values 
taken from trees outside the arc, the differences were sufficient to produce important 
over-estimates of biomass. The mean wood density for southern and southwest 





the wood density value for the entire Amazon region needed to be reduced 7%, from 
0.69 g/cm³ to 0.642 g/cm³, to produce reliable estimates. 
For many published values, it is not known how wood densities were derived or 
if radial or longitudinal variations along the stem were taken into consideration 
(Williamson and Wiemann, 2010; Swenson and Enquist, 2008). Figure 5.2 illustrates the 
differences in cumulative above-ground biomass per tree in a study plot when 
measured versus published wood density values were used to estimate AGB (see 
information in Table 5.4). The values were determined within a 20 x 20 m plot in an 
evergreen forest at the Pong Khrai Royal Forest Department Research station (18°54’N 
and 098°48’E), in Chiang Mai province of northern Thailand (our unpublished data). 
Within the plot, trees ≥ 5 cm DBH were assessed. Wood cores were collected with a 
0.200 inch diameter tree increment borer and wood density determined following Dietz 
and Kuyah (2011). Above-ground biomass was estimated with the equation of Chave 
(2005) for dry forest stands. The mean measured wood density was 0.75 g/cm³ versus 
0.62 g/cm³, determined from published sources. These differences produced substantial 
AGB estimate differences, equivalent to 31 Mg/ha. This example demonstrates the 
importance of measuring density in situ rather than relying on published values as 
environmental variations and the presence of hollows, internal defects, fungal or insect 
damage will affect wood density estimates (Keith et al., 2000). With this example, we 
draw attention to the fact that wood density values from prior works and published 
databases (eg., Global Wood Density Database and the Wood Density Database by the 
World Agroforestry Centre) are often conveniently used in lieu of actual measurements 
in biomass studies (cf. Hiratsuka et al., 2005; Verwer and van der Meer, 2010; 






Figure 5.2. Cumulative above-ground biomass (AGB) per tree in the study plot, represented by 
grey lines when measured wood density values were used for Chave et al. (2005)’s allometric 
equation for dry forest stands, and orange lines, when published wood density values were used. 
Trees within each plot were ordered from the largest to smallest biomass, with each tree 
represented by a black horizontal line in each plot. Plots were ordered in decreasing AGB from 












Table 5.4. Comparison of wood density and above-ground biomass estimates from measured and published sources for trees in a 20 x 20 m forest plot in an 
evergreen forest in Chiang Mai. Published wood density values were from the Global Wood Density Database (Chave et al., 2009; Zanne et al., 2009) and the 
Wood Density Database by the World Agroforestry Centre (2014).  
 
Following Brown (1997), a default value of 0.57 g/cm
3
 was assigned if no wood density value was found in published databases. Above-ground biomass (AGB) 
per was estimated with the equation of Chave (2005) for dry forest stands. Trees with alphabetized letters have multiple stems. For multi-stemmed trees, 
wood core was taken from only one stem. 





AGB (kg) - 
measured wood 
density
AGB (kg) - 
published wood 
density Note
1 Albizia odoratissima (L.f.) Benth 30.3 0.68 0.62 556 508 average frm Global  wood dens i ty database
2 Croton roxburghii N.P.Balakr 5.5 0.65 0.57 11 10 default va lue
3 Shorea roxburghii G.Don 6.9 0.67 0.70 19 20 average frm Global  wood dens i ty database
4A Adenanthera microsperma Tei jsm. & Binn. 29.9 0.84 0.64 669 511 average frm Global  wood dens i ty database
4B Adenanthera microsperma Tei jsm. & Binn. 11.0 0.84 0.64 69 53 average frm Global  wood dens i ty database
5A Adenanthera microsperma Tei jsm. & Binn. 24.0 0.79 0.64 387 313 average frm Global  wood dens i ty database
5B Adenanthera microsperma Tei jsm. & Binn. 23.9 0.79 0.64 383 310 average frm Global  wood dens i ty database
5C Adenanthera microsperma Tei jsm. & Binn. 15.4 0.79 0.64 141 114 average frm Global  wood dens i ty database
6A Adenanthera microsperma Tei jsm. & Binn. 24.0 0.84 0.64 411 313 average frm Global  wood dens i ty database
6B Adenanthera microsperma Tei jsm. & Binn. 23.4 0.84 0.64 388 295 average frm Global  wood dens i ty database
7 Lagerstroemia cochinchinensis Pierre ex Gagnep 9.1 0.75 0.71 40 38 genus  average frm World Agroforestry Centre
8 Lagerstroemia cochinchinensis Pierre ex Gagnep 20.6 0.75 0.71 259 247 genus  average frm World Agroforestry Centre
9 Croton roxburghii N.P.Balakr 5.0 0.54 0.57 7 8 default va lue
10 Apostasia wallichi R.Br. 6.0 0.71 0.57 15 12 default va lue
11 Glochidion sphaerogymum (Mül l .Arg.) Kurz 8.0 0.93 0.62 37 25 genus  average frm World Agroforestry Centre
12A Turpinia pomifera (Roxb.) DC. 5.6 0.73 0.45 13 8 average frm Global  wood dens i ty database
12B Turpinia pomifera (Roxb.) DC. 6.7 0.73 0.45 20 12 average frm Global  wood dens i ty database
13A Gmelina arborea Roxb. 25.4 0.64 0.43 356 238 average frm Global  wood dens i ty database
13B Gmelina arborea Roxb. 18.4 0.64 0.43 172 115 average frm Global  wood dens i ty database
14 Glochidion sphaerogymum (Mül l .Arg.) Kurz 16.1 0.71 0.62 140 123 genus  average frm World Agroforestry Centre
15 Lagerstroemia villosa Wal l . ex Kurz 15.9 0.62 0.69 118 132 average frm Global  wood dens i ty database
16 Canarium subulatum Gui l laumin 29.1 0.68 0.64 514 479 genus  average frm World Agroforestry Centre
17 Bauhinia variegata L. 25.0 0.78 0.61 418 324 average frm Global  wood dens i ty database
18 Apostasia wallichi R.Br. 11.1 0.71 0.57 60 48 default va lue
19 Croton roxburghii N.P.Balakr 7.0 0.72 0.57 21 17 default va lue
20 Lagerstroemia villosa Wal l . ex Kurz 6.1 0.74 0.69 16 15 average frm Global  wood dens i ty database
21 Cratoxylum cochinchinense (Lour.) Blume 15.2 0.82 0.67 143 116 average frm Global  wood dens i ty database
22 Croton roxburghii N.P.Balakr 6.1 0.74 0.57 16 12 default va lue
23 Lagerstroemia villosa Wal l . ex Kurz 7.6 0.67 0.69 24 24 average frm Global  wood dens i ty database
24 Lagerstroemia villosa Wal l . ex Kurz 11.2 0.67 0.69 58 59 average frm Global  wood dens i ty database
25 Lagerstroemia villosa Wal l . ex Kurz 19.0 0.82 0.69 236 198 average frm Global  wood dens i ty database
26A Glochidion sphaerogymum (Mül l .Arg.) Kurz 14.0 0.71 0.62 102 89 genus  average frm World Agroforestry Centre
26B Glochidion sphaerogymum (Mül l .Arg.) Kurz 5.8 0.71 0.62 14 12 genus  average frm World Agroforestry Centre
27A Micromelum minutum (G.Forst.) Wight & Arn. 13.4 0.93 0.66 121 86 average frm Global  wood dens i ty database
27B Micromelum minutum (G.Forst.) Wight & Arn. 7.5 0.93 0.66 32 23 average frm Global  wood dens i ty database
28 Cratoxylum cochinchinense (Lour.) Blume 7.0 0.69 0.67 20 20 average frm Global  wood dens i ty database
29 Glochidion sphaerogymum (Mül l .Arg.) Kurz 7.5 0.77 0.62 26 21 genus  average frm World Agroforestry Centre
30 Apostasia wallichi R.Br. 7.8 0.65 0.57 24 21 default va lue
31 Dalbergia cultrata Graham ex Benth. 6.4 0.81 0.77 19 18 average frm Global  wood dens i ty database
32A Glochidion sphaerogymum (Mül l .Arg.) Kurz 9.7 0.74 0.62 45 38 genus  average frm World Agroforestry Centre
32B Glochidion sphaerogymum (Mül l .Arg.) Kurz 15.5 0.80 0.62 146 113 genus  average frm World Agroforestry Centre





5.6. Conclusion and future directions 
The use of published allometric equations, rather than one determined on site, is an 
important source of uncertainty that hinders accurate assessments of biomass and 
carbon changes following land-cover conversions. As tree species and physical 
characteristics vary from site to site, the applicability of published equations developed 
at different locations may be limited, even if the equation is species-specific. As such, it 
is important to choose equations that are representative—however this is often difficult 
because of the limited amount of work that has been conducted in the region for most 
important land-covers. 
While choosing species-specific equations might appear straightforward, age, 
site and seasonal conditions of the vegetation used to develop the equation are often 
variable between sites. Where multi-species equations are used, especially for 
heterogeneous land-covers such as forest, it is essential to verify that vegetation and 
tree species present are similar to those used to develop the original equation. In 
addition, equations should not be applied beyond their valid diameter ranges. Equations 
that include wood density as an independent variable should also be used when 
possible, given its importance in describing biomass/carbon storage in a unit volume of 
stem (Chave et al., 2004). Where published equations are needed, multiple, potentially 
equally applicable equations should be used to determine plausible ranges of AGB and 
BGB. Alternatively, the suitability of the published equations should be verified by on-
site sampling (cf. Thant et al., 2012). 
If possible, site-specific equations should be developed from harvesting an 
appropriate number of trees that encompass the full range of diameter classes present. 





no consensus on the number of trees that should be sampled, as this is often dependent 
on resource availability. Both diameter and wood density should be included as an 
independent variable in allometric equations, while tree height should be included if 
accurate measurements can be obtained.  
 Although there are many difficulties and problems associated with sampling 
below-ground root biomass, ignoring this important component equates to omitting up 
to 20% of ecosystem biomass and carbon (Yuen et al., 2013).  If root sampling is 
performed, all limitations associated with sampling below-ground biomass should be 
acknowledged during reporting. The current preference (or necessity) for using 
published below-ground equations, especially roots: shoot ratios, adds to uncertainties 
in below-ground estimates. In general, more below-ground research with an adequate 
number of replicates sampled to appropriate depths is needed in all land-covers.  
 Many of these conclusions echo those of other researchers (Brown, 2002; 
Melson et al., 2011; Qureshi et al., 2012).  Importantly our findings reduce to a simple 
question:  How can biomass estimations related to (potential) land-cover changes be 
made with certainty to advise policies/programs (REDD+ and others) when appropriate 
allometric equations needed to do so are insufficient and/or or inappropriate equations 
are being applied? Undoubtedly, the need to evaluate and standardize current field 
methods should be at the heart of REDD+ debates before remote sensing methods are 
applied to extrapolate carbon stocks over a larger area (Goetz et al., 2014). Aligning 
research with construction, mining, crop rotation activities and tree fall incidents is one 
way to increase the quantity of trees available for destructive sampling in these land-





Chapter 6. Conclusion 
6.1. Update of key findings 
When Chapter 3 was published (Ziegler et al., 2012), the forest category included both 
mangrove and peat swamp forest. However, later after recognizing that both were very 
unique wetland ecosystems with large stores of terrestrial carbon and are highly 
threatened by land-cover conversions (Page et al., 2006; Murdiyarso et al., 2010; 
Mcleod et al., 2011), I separated them in later papers in Chapters 4 and 5 (Yuen et al., 
2013; Yuen and Ziegler, in prep).  Further, bamboo was separated from forest or 
swidden fallow categories in Chapter 5, because of its unique morphology with above-
ground culms and an underground network of rhizomes and dense fibrous roots 
(Lobovikov et al., 2012). In addition, relevant publications that were not included in the 
initial biomass assessment (Chapters 3 and 4) have been added to the  current above-
ground carbon (AGC) and below-ground carbon (BGC) databases presented in this 
thesis, which is in part an amalgamation of three papers. As such, the final analyses and 
findings for above- and below-ground carbon (AGC and BGC), total ecosystem carbon 
(TEC) and root:shoot ratio (RSR) includes all 14 land-covers: mangrove (MAN), forest 
(FOR), peat swamp forest (PEAT), orchard and tree plantation (OTP), logged-over forest 
(LOF), rubber plantation (RP), oil palm plantation (OP), bamboo (BAM), long-fallow 
swidden (LFS), intermediate-fallow swidden (IFS), short-fallow swidden (SFS), non-
swidden agroforest (AGF), grassland, pasture and shrub land (GPS) and permanent 
cropland (PC).   
The updated summary of AGC values and the plausible ranges of AGC for the 





minimum and maximum AGC values (Chapter 4; Yuen et al., 2013) remained the same, 
except for the mangrove,  peat swamp forest, non-swidden agroforest, and grassland, 
pasture and shrub land categories. The maximum AGC increased 50-114 Mg C ha-1 for 
MAN, PEAT and AGF; and the minimum AGC reduced slightly (1 Mg C ha-1) for GPS. The 
plausible range of AGC for bamboo was determined to be between 7-73 Mg C ha-1 (Table 
6.1). A similar summary for below-ground carbon and root:shoot ratio is shown in 
Figures 6.2 and 6.3. Despite new additions to the BGC database, all originally derived 
minimum and maximum BGC and RSR values remain valid. For bamboo, the range of 
BGC and RSR were 4-16 Mg C ha-1 and 0.40-1.88, respectively. As amendments in AGC 
were made for MAN, PEAT, AGF and GPS, their corresponding total ecosystem stock 
estimates were amended (Table 6.1). Estimated bamboo TEC ranged between 75-280 
Mg C ha-1 (Table 6.1) 
In the final estimates, peat swamp forest had the highest range of TEC values 
(594-2004 Mg C ha-1), for which the upper limit is 810 Mg C ha-1 higher than that for 
mangrove forests (1194 Mg C ha-1) and more than 1300 Mg C ha-1 higher than non-
wetland forests (699 Mg C ha-1). At the lower end, except for MAN and FOR, the 
minimum TEC of PEAT is higher than the maximum TEC of all the land-covers reviewed. 
The conversion of FOR to LOF, OTP, AGF, RP, OP, GPS and PC results ≥ 60% reduction in 
TEC. For most land-covers, the variability in TEC is small. For example, the differences 
between minimum and maximum TEC for other tree plantations and logged-over forests 
are small: 85 vs 103 and 429 vs 441 Mg C ha-1, respectively. The min and max for AGF is 
slightly lower than those from OTP and LOF at 79 and 412 Mg C ha-1. The TEC ranges are 
also similar for oil palm (86-287 Mg C ha-1) and bamboo (75-280 Mg C ha-1); and the 





rubber plantations and long-fallow swidden are close while the high end differs by 54 
Mg C ha-1 (95-371 Mg C ha-1 vs 92-317 Mg C ha-1). The main difference between short- 
and intermediate fallows is the upper TEC range (216 vs 253 Mg C ha-1) while the low 
values differed by 5 Mg C ha-1 (64 vs 69 Mg C ha-1) Finally, permanent croplands have 
the lowest TEC range (56-178 Mg C ha-1), lower than that of short-fallow swidden (64-
216 Mg C ha-1) (Table 6.1, Figure 6.4).  
The updated TEC estimates support the findings in Chapters 3 and 4 that many 
projected land-cover/land use transitions produce uncertain or potentially neutral 
carbon outcomes: e.g., (a) transitions between short-fallow swidden systems and 
permanent croplands; (b) land-cover change changes between/among long-fallow 
swidden, rubber and possibly non-swidden agroforest; (c) land-cover changes 
between/among intermediate-fallow swiddening, grassland, pasture, shrub land, and oil 
palm. These uncertainties are important because many of these transitions are currently 
at the heart of REDD+ debates. Another important point is that forests, particularly 
mangrove and peat swamp forests are important terrestrial carbon sinks. Permanent 
conversion of these land-covers will undoubtedly cause significant carbon losses, 
particularly when the carbon in the soil is disrupted (although soil carbon was not the 






Figure 6.1. Updated summary of above-ground carbon biomass values derived from reviewed studies/papers (Supplementary table S1, values < 
1 Mg C ha-1 excluded). The land-covers considered are: mangrove (MAN), forest (FOR), peat swamp forest (PEAT), orchard and tree plantation 
(OTP), logged over forest (LOF), rubber plantation (RP), oil palm plantation (OP), bamboo (BAM), long fallow swidden (LFS), intermediate fallow 
swidden  (IFS), short fallow swidden (SFS), non-swidden agroforest (AGF), grassland, pasture and shrub land (GPS) and permanent cropland (PC). 
The thick lines indicate an adjusted range of values after removal of outlying values that may not be representative of the land-cover class in 






Figure 6.2. Updated summary of below-ground carbon biomass values derived from reviewed studies/papers (Supplementary table S2, values < 
0.5 Mg C ha-1 excluded). The land-covers considered are: mangrove (MAN), forest (FOR), peat swamp forest (PEAT), orchard and tree plantation 
(OTP), logged over forest (LOF), rubber plantation (RP), oil palm plantation (OP), bamboo (BAM), swidden fallow of any length (SF), non-swidden 
agroforest (AGF), grassland, pasture and shrub land (GPS) and permanent cropland (PC). The thick lines indicate an adjusted range of values after 






 Figure 6.3. Updated summary of reported and derived root:shoot ratios (values < 0.02 excluded). The land-covers considered are: mangrove 
(MAN), forest (FOR), peat swamp forest (PEAT), orchard and tree plantation (OTP), logged over forest (LOF), rubber plantation (RP), oil palm 
plantation (OP), bamboo (BAM), swidden fallow of any length (SF), non-swidden agroforest (AGF), grassland, pasture and shrub land (GPS) and 
permanent cropland (PC). The thick lines indicate an adjusted range of values after removal of outlying values that may not be representative of 






Figure 6.4. Updated total ecosystem carbon (TEC = AGC + BGC + SOC). The land-covers considered are: peat swamp forest (PEAT), mangrove 
(MAN), forest (FOR), logged over forest (LOF), orchard and tree plantation (OTP), non-swidden agroforest (AGF), rubber plantation (RP), long 
fallow swidden (LFS), oil palm plantation (OP), bamboo (BAM), intermediate fallow swidden  (IFS), grassland, pasture and shrub land (GPS), short 






Table 6.1  Estimated ranges of root:shoot ratio, above-ground carbon, below-ground 
carbon in the roots, soil organic carbon (upper 2 m), and total ecosystem carbon (AGC + 
BGC + SOC) for the several important vegetation types involved in on-going and 
projected land-cover conversions in SE Asia.  
 
  Root:shoot ratio  AGC  BGC   SOC   TEC  
Land-covers* MIN MAX  MIN MAX  MIN MAX  MIN MAX  MIN MAX 
PEAT 0.08 0.23  46 321  11 71  537 1612  594 2004 
MAN 0.11 0.95  15 300  12 219  225 675  252 1194 
FOR 0.08 0.35  40 400  11 74  75 225  126 699 
LOF 0.09 0.33  30 210  5 26  68 205  103 441 
OTP 0.11 0.39  15 200  5 33  65 196  85 429 
AGF 0.25 0.49  15 214  3 16  61 182  79 412 
RP 0.10 0.30  25 143  5 32  65 196  95 371 
LFS 0.12 0.36  25 110  3 16  64 191  92 317 
OP 0.18 0.41  17 69  4 22  65 196  86 287 
BAM 0.40 1.88  7 73  4 16  64 191  75 280 
IFS 0.12 0.36  4 50  3 16  62 187  69 253 
GPS 0.48 1.92  2 35  2 4  66 198  70 237 
SFS 0.12 0.36  2 22  3 16  59 178  64 216 
PC 0.10 0.31  2 15  1 5  53 158  56 178 
 
The land-covers considered are: peat swamp forest (PEAT), mangrove (MAN), forest 
(FOR), logged over forest (LOF), orchard and tree plantation (OTP), non-swidden 
agroforest (AGF), rubber plantation (RP), long fallow swidden (LFS), oil palm plantation 
(OP), bamboo (BAM), intermediate fallow swidden  (IFS), grassland, pasture and shrub 
land (GPS), short fallow swidden (SFS)  and permanent cropland (PC). Units for AGC, 










6.2. Summary of results 
Uncertainty in total ecosystem carbon stocks for 14 major land-covers in SE Asia stem 
from (a) limited research on below-ground biomass; (b) methodological inconsistencies 
between existing studies; and (c) applying of allometric equations inappropriately—for 
example using species-specific equations for heterogeneous land-covers or  using 
equations determined in a specific geographical location in another site where 
vegetation physiological characteristics are different.  There is a dearth of research on 
below-ground biomass for peat swamp forest, rubber and oil palm plantations, bamboo, 
swidden fallow, agroforest and grassland.  Limited data for these land-covers precludes 
accurate quantification of ecosystem carbon stocks for some land-covers associated 
with some of the most important land-use/land-cover transitions in the region.  
Arguably the most precise method for determining carbon biomass is to harvest 
all plants destructively, then determine the carbon mass of each plant components. 
However, uprooting vegetation especially trees is time consuming, costly, in some 
places illegal, and often against the (conservation) objectives of the biomass study in 
question. Alternative approaches, primarily the use of allometric equations, are 
required.  Again this approach is problematic because the available equations may not 
represent the vegetation at the site in question.  Ideally, site-specific equations should 
be developed, but this requires destructive sampling, which creates a “Catch-22” 
situation (Basuki et al., 2009; Chave et al., 2014).   
In areas where site-specific equations have been developed, there is no 
standardization in the number and size of study plots used for building the equation. 
The number of trees sampled is usually determined by resource availability. In general, 





site if they were determined from an insufficient sample size, or if they were 
determined from a biased subset of trees sampled, for example, if unhealthy or very 
large trees are excluded.  Determination of below-ground biomass allometric equations 
is particularly difficult as roots have to be excavated by digging them up or from 
collecting soil blocks. Subsequent washing to remove soils require time and effort with 
root recoveries dependent on the amount of care and time spent to extract roots from 
soil (Pierret et al., 2005). There is also no standardized way to recover roots from soil. 
Root separation by hand, washing roots through various sized sieves and floatation were 
some methods used. In any case, underestimates of root biomass are likely as it is 
impossible to sample deep roots and roots are inevitably lost during sampling and 
washing.  
In biomass assessments where published equations are used, it is not known if 
the chosen equation(s) estimate biomass accurately due to possible differences in 
environmental conditions and vegetation characteristics. On-site validation of such 
equations is necessary but rarely implemented, in part, because it requires destructive 
sampling. Without doubt, the application of inappropriate equations is a key source of 
uncertainty in above- and below-ground carbon biomass estimates. The limited number 
of root equations means that the same few equations and root:shoot ratios are used 
repeatedly to indirectly estimate below-ground biomass and this is likely to add more 
inaccurate findings to the existing literature.  In addition, the use of published wood 
density values, in lieu of values measured on-site, in allometric equations also 
contributes to inaccurate estimates.  
A further source of discrepancy lies in the method used to determine carbon. 





with a carbon nitrogen analyzer) or calculated as a fraction of measured biomass – 
usually 50% although ranges of between 37 and 50.3% were reported (Supplementary 
table S1). It is possible that carbon estimates derived from assuming 50% of biomass is 
carbon is not as accurate as those from analytical means. 
Lastly, analysis of available estimates of above- and below-ground carbon for 
swidden and other land-covers indicate that transitions away from swidden agriculture 
especially long fallow swidden to rubber and oil palm plantation or permanent 
agriculture will likely lead to negative or uncertain carbon outcomes. As such, current 
policies that advocate the replacement of all forms of swidden agriculture should be re-
evaluated. In addition, the clearing of high biomass forests including mangrove and peat 
swamp forests into any type of agriculture causes significant carbon losses and should 
be minimized, if not prohibited. Conversely, land-cover conversions that result in 
positive carbon outcomes, such as the lengthening of fallows and conversion of 
degraded, low biomass grasslands (if they truly are degraded) to high biomass tree 
plantation, agroforest and forest should be encouraged to increase landscape-scale 
carbon stocks.  
 
6.3. Implications of this work 
To reduce uncertainties in biomass carbon estimates, more research on below-ground 
root biomass should be conducted especially in peat swamp forests, rubber and oil palm 
plantations, bamboo-dominated lands, swidden fallows, agroforest and grasslands. 
Future biomass monitoring projects should ensure the adequate replication plots of 
appropriate size (ideally at least 1600-2500 m2). If published allometric equations are 





and BGB. Prior to applying a published equation, verification that on-site vegetation and 
tree species present are similar to those used to develop the original equation should be 
done, and reported along with the biomass determination. Equations should not be 
applied beyond their valid diameter ranges. Separate equations that include large 
diameter trees should be used if necessary. When available, equations that include 
wood density should be used—and wood densities should be determined from the 
vegetation on-site, rather than from published databases. If possible, sampling of an 
appropriate number of trees that include the full range of diameter classes present 
should be done to either validate use of an existing equation, or develop a site-specific 
equation. In order to adequately capture the spatial variations in root biomass, roots 
should be sampled to appropriate depths and sufficient replicates collected. Aligning 
research with construction, mining, crop rotation activities and tree fall incidents is one 
way to increase the quantity of trees available for destructive sampling without 
deliberately cutting trees for research. Finally, analytical methods should be used to 
determine the carbon content in biomass instead of assuming that it is one half of 
measured biomass.  
In closing, the results of thesis argues against the conclusion of Goetz et al. 
(2014) that current capabilities now meet operational requirements for REDD+ 
measurement, reporting and verification (MRV) of carbon stocks and emissions. Given 
that plot level carbon/biomass inventories may have not been accurately quantified in 
many studies, a re-examination of basic field sampling protocols is necessary. Re-
evaluating and standardizing current field methods should be at the heart of current 
REDD+ debates before remote sensing methods are applied to extrapolate carbon 
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